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ABSTRACT

/3-

- This volume presents an analytical investigation of the vibrations Induced in

an alternator rotor by the generated electromagnetic forces. Formulas are .. :

• given from which the magnetic forces can he calculated for three brushless

: alternator types: 1) the homopolar generator, 2) the heteropolar inductor

:;•12"=generator, and 3) the two-coil Lundell generator. Numerical examples are

given to illustrate the practical use of the formulas.

Two computer programs have been written for evaluation of the effect of the

:,i•magnetic forces on the rotor. Manuals are provided for both programs, con-

-,** taining listings of the programs and giving detailed Instructions for

_ '_..=•preparation of input data and for performing the calculations. The first

._._, 'computer program examines the stability of the rotor and the second program

S~calculates the amplitude response of the rotor resulting from a built-in

S...... ;eccentricity and misalignment between the axes of the rotor and the alternator

stator. Sample calculations are provided.

S~This document is subject to special export controls

"-" ~~and each transmittal to foreign governments or",-

•':•,.: :foreign naftonal may be made only with prior approval

of the Air Force Aero Propulsion Laboratory (AFPL),

S•Wright-Patterson Air Force Base, Ohio 45433.
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SYMBOLS

A Cross-sectional area of a shaft section, inch2

A Area of a pole, inch2

ANAS Area of a north pole or a south pole, inch
2AT Area of a stator tooth in the heteropolar generator, inch

A, B Influence matrices for rotor, eq. (H.62), Appendix H

A 8-- L pagnetfc force gradient for 4 pole homopolar"72C p
generator, lbs.

aln, a2nn-, alon Influence coefficients for shaft section n, eq. (H.46)

B Combined damping of rotor bearings, lb-sec/inch
B 0 Average flux density, Lines2inch or Kilolines/inch2

BN, BS Flux density at north poles or south poles, Lines/inch2

B xx,B XY,B yx,Byy Damping coefficient3 of bearing, lbs-sec/inch

C Radial airgap or clearance, inch

E Youngs modulus, lbs/inch2

EA Effective or voltmeter value of line voltage, volts

Ef Voltage of field coil, volts

SRotor impedance matrix at k'th harmonic

Se Eccentricity between rotor center and stator center, inch

F vPc t o r -f4
tJ

FNE, FNy x and y-component of magnetic force due to north poles, lbs.

FSx, FSy 'x and y-component of magnetic force due to south poles, lbs.

F x,Fy x and y-component of total magnetic force in centerplane

of alternator, lbs.

3 Magnetcmotive force

-AMagnetomotive force of armature reaction

3A a Demagnetizing and crossmagnetizing component of armature

reaction

Magnetcmotive force of field coil

N 5• Drop i.a magnetomotive force across the north or the south

poles

ix



f Drop in magnetmotive force across airgap in heteropolar

generator

f -1/2 (Q' j
fd - eq. (E. 2), Appendix V

f JA eq. (E. 3). Appendix v

f ellf al fcvp Harmonics of (f/f 0)

G Shear modulus, lbs/inch2

G -1/2 (Q-iq)

H -1/2 (Q-iq)

h Airgap at pole for eccentric rotor, inch

hkj Airgap at the J'th stator tooth of the k'th pole, inch

1 Transverse area moment of inertia of shaft section, Inch4

'A Effective or ammeter value of armature current, amp

I Polar mass moment of inertia of rotor station mass, lbs-inch-secpn

ITn Transverse miss moment of inertia of rotor station mass,lbs-inch-sec

1,0 ' 11 12 Defined by eqs. (E-20) to (E.22), Appendix V

1 1 •C", the imaginary unit

'A Armature current, amp.

if Field coil current, Amp

K Combined stiffness of rotor bearings, lbs/inch

Kd Distribution factor for armature winding

K p Pitch factor for armature winding

K•x x K K K Spring coefficients of bearing, lbs/inch

LA Inductance of line circuit, Henries

Lf Inductance of field coil circuit, Henries

L Distance between pole planes in homopolar generator, inch

x



SLength of generator stator, inch,

A Rotor span between bearLzis, inch

n Length of shaft section n, inch-

"M x, x and y-componmnt of rotor beanding moment to the left of a

rotor mass station, lbe-inch

H' M# x and y-component of rotor bending moment to the right

of a rotor mass station, lbs-inch

SH Mass of a rigid, symmetric rotor, lbs-sec /inch

NA Number of turns of a armature winding

Nf Num~er of turns of a field coil

n Number of generator north poles (-number of south poles)

nr Number of rotor teeth in the heteropolar generator

,n One half the number of stator teeth per pole in the

heteropolar generator

.P =/--1 CA. , perieaiace of airgaps in heteropolar generator

pf Power factor cosi4

-- I7213OsO00 , conversion factor to get magnetic force in lbs.

Q'q Matrices of magnetic force gradients, see eqs. (J.9) and

(J.10), P--pendix IX

SQo Negative stiffness of the static magnetic forces, lbs/inch

,Qo Negative moment stiffness of the static magnetic moments,

lbs-inch/radian

"Q Stiffness of tirevarying magnetic force, lbs/inch

Qref Reference value used to represent the magnetic force

stiffness in the stability calculation, see eq. (L.1)

Q=.Qi- QY.Qx , ,yy Cosine components of the radial stiffness of the magnetic

forces, lbs/inch

xi
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A-;.sagpec forces, lbs-/radians

*- On, I Qtr., Q'f Cosine componsets of the angular stif.nees of the magnetic

forces, tbifinchfesf

•w , Oft ",Of, Cosine components of the angular.stiffness of th.
mapetic forcee, lbs-ldck/radian

1n 1 /*yj l v,,,,,,B s Sine components of the radial stiffness of the magnetic

forces, lbs/inch

•ee 9xy,. •e'jyf Sine components of the radial -stiffness of the magnetic

forces, lbs/radian

lo I le IfIjoy Sine compon-ents of the angular stiffness of the magnetic

forces, lbs-inch/inch

l, If#~ Sine components of the angular stiffness of the magnetic
forces, lbs-inch/radian

RA Resistance of the line circuit, ohms

Rf Resistance of the field coil circuit, ohms

Reluctance

Combined reluctance of the airgaps at the north and

south poles

•/I,~5 •k Reluctance of the airgap at the k'th north or south pole

, I,, •Reluctances of the two airgaps at the k'th pole in the

heteropolar generator

Reluctance of the flux path through the. stator, see eq. (8)

UR Reluctance of the flux path through the rotor, see eq. (9)

R 1 , '2 , R2 , 0G 4  Reluctances of airgaps 1,2,3 and 4 in the Two-Coil Lundell

generator, see .fig. 3

r Radius , inch

S - Matrix used In the solution of the stability or response

calculation, see eqa. (J.20) and (K.17)
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5 Value of S for k-0, see eqs. (J.23) and (K.21)
0k

KYT x and y-component of magnetic moment in centerplane of

alternator, lbs-inch

t Time, seconds

V V x and y-component of rotor shear force to the left of a

rotor mass station, lbs

V1, V1

Sy x and y-component of rotor shear force to the right of a

rotor mass station, lbs

X Vector.representing the rotor amplitudes and slopes at

the alternator centerplane, see eq. (H.69)

The k'th harmonic of X, see eqs. (J.7) and (K.6)

xck'Xsk )-k=Xckt•k, see eqs. (J.8) and (K.7)

ZL. Vector representing the amplitudes and slopes at the

first rotor station, see eq. (H.63)

x,y Rotor amplitudes , inch

xy Rotor amplitudes in the centerplane of the alternator, inch

X0,Y y0x and y-component of the static rotor eccentricity in the

centerplane of the alternator, inch

xf Initial rotor eccentricity, inch

0

XckXsk Cosine and sine component of the k'th harmonic of the

rotor x-amplitude, inch

Xck'v'sk Cosine and sine component of the k'th harmonic of the

rotor y amplitude, inch

'XN Rotor amplitudes in the plane of the north poles, inch

ISty S Rotor amplitudes in the plane of the south poles, inch

XnYn Rotor amplitudes at rotor mass station, n, inch

xiii
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-Tf~~i: .....

-YA AdmitUt e of the ine aizui.t "b's1 *

Admittance of the field @oil circuit, *bus

ZA Ispedance of the line circult, elms

" Impedance of thl field coil circuit, ohOi

SCoordinate along the rotor axii, Inch

Angle between x-axii and direction of dimplacement
/

.Crose-sectional factor for shear stress
[4A/El1

Defined by eq. (9.32), Appendix VIII, inch

EY '' A i G inch

6 Power angle for three-phase winding

-e/C, eccentricity ratio.

- * eslope of rotor in i-plane, inch/inch

e Slope of ..rotor in xi-lane at centerplane of alternator,

inch/inch

Rotor misalignment angle in x-plane, inch/inch

0,, Slope of rotor in x-plane at rotor station,n, inch/inch

br,,A,, b1112 , - - Elements of rotor .Impedance matrix Ek

Wk" - Q-Qo-(kv)
-kv B

,, , . .,,p, , 4,

S/A Permeability of air

. - v Frequency, radians/sec

Mass density of shaft material, lbs-sec 2 in4
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*slope of rotor to "-lawe, Inch/inch
.lope of rotor to "low at conterplan of alternator,

Rotor misalignment angle In y-plane, Inch/tinch

Slope of rotor in y-plane at rotor station n, inch/inch

Magnetic flux, lines

?N& f$& Flux at the k'th north pole or south pole, lines

ftA vot Flux components at the k'th pole in heteropolar generator,

lines.

, Flux components for the two-coil Lundell generator, lines

fl Frequency of timevarying magnetic forces, radians/sec

C0 Angular speed of rotor, radians/sec

W.-C Critical speed of symmetric, rigid rotor, radians/sec

*- ; O3xO),W.,(V Critical speeds of a rigid rotor, radians/sec

xv0

f-



a's Cosine and mine component (real and imaginary part)

Stator-tooth number in htrpl gnato

It ~ Generator pole number

j k Frequency harmonic numbeor

n Rotor station number

XS North pole, south pole

z~y In the x-direction or the y-direction .

0,?In the * -direction or the. -direction ..

Indices

J Stator tooth number in heteropolar generator

k Generator pole number

k Frequency harmonic number

n Ilotor station number
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INTSODUCTION

In the development of high. speed electrical machinery for space power plants

and tompact paver conversion machinery it has been found that the rotor may
exhibit unsafe large amplitude vibration under certain operating conditions,,

This vibration is caused by the interaction betr.en the rotor and the magnetic.

forces in the airgaps of the electrical machinery. It isnfurther accentuated

b7 the tact that the rotor bearings in this type of machinery employ low viscosity

fluids or gas as a lubricant whereby the'bearing- stiffness 'and damping is smaller

"than for conventional bearings.

The application of alternatrs to this type. of machinery is still in an early

development phase and the experiencewth the vibration problem derives so far

from machinery employing electrical motors.- However, because of the close

similarities between alternators and electrical motors it is to be expected that

alternators may develop the same kind of vibration problems as previously found in

motor applications. For this reason an analytical investigation of the problem

as it could occur in alternators has been undertaken. It-is the purpose of this

volume to present an analysis of the magnetic forces in three brushless alternator

types and to describe two computer programs which have been written to calculate

the stabildty and vibratory response of an alternator rotor subjected to magnetic

forces.

The three brushless generators investigated are: 1) the homopolar generator,

2) the heteropolar inductor generator, and 3) the two-coil Lundell generator.

e They are shown schematically in Figs. 1 to 3. Formulas are given from which the

ji magnetic forces and moments can be calculated directly once the dimensions and

operating conditions of the generator are known. Numerical examples are given

to illustrate the practical use of the formulas.

r • Two computer programs have been written for calculating the dynamical performance

of the alternator rotor with the imposed magnetic forces; The manuals for the

programs, containing listings of the programs andthe-detailed instructions of

how to use the programs and prepare the input-dataaregiven in Appendices

! -1-
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II end X11. The first program a~mians the staMiltyeth tratroortte
Sineratr magnetic forces* Md the second program Calcouate the resulting amplitude
roM4POms of the rotor when the axis of the rotor does met coincide with the mar-
UetiO aZIS Of the generator Stator. The p"rogri are quite general and apply to
any rotor or bearing configuration.

lecaUSe Of the Urarg niber of parameters iuwlved it Is not possible to give zany 4
general results or design charts. Hovever, from the few sample calculations per-

formed And from Certain Simplified analyses. *indicatione are that for mo*tapi
- -caSious the rotor vibrations are small and the stability margin is good. on the

other hand. if the operating couditions are such that the magnetic force frequency I_
canQxit aresonance of the ro~-~i system a rg oo mpiuea

result and. furthermore, the stability margin may become mnacceptablo. A detailed

calculation is required under these circustances, and the methods presented In l

this volume provide the means for performing such calculations.I-

-2-
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/j GENERAL DISCUSSION, . - ..

The problem of electromagnetically induced rotor vibrations was first encountered

In a See bearing supported, electrical motor driven compressor. Little was known

n- "about the causes of the vibrations and only by a trial test procedure were suff i-

cient modifications made to the design that. the unit performed satisfactorily.

In two later applications, also motor driven compressors, serious vibrations were

again encountered and, as in the first case, the problem could only be overcome

- "- by making trial modifications to the design until the vibrations were eliminated.

In one of the cases, the problem was solved by changing the method of field exci-

tation, proving that the problem definitely is caused by the electromagnetic forces.

When the need arose for incorporating alternators into this type of equipment it

was natural that there were apprehensions about encountering the same vibration

problems as already experienced with electrical motors. It has, therefore, been

decided to undertake an investigation of the problem as it applies to alternators

so that some design information is made available at an early state in the develop-

ment of alternators for space power plants. Since the available experience with

the problem is all based on electrical motors, the investigation is analytical

and there are no test data to compare with.

The investigation falls naturally into two parts: a) a study of the magnetic

forces in the alternator to establish methods and formulas from which the forces

can be calculated, and b) the development of computational methods to determine

the effect of the magnetic forces cn the dynamics of the rotor.

The forces acting on the alternator rotor derive from the magnetic pull of the

stator which is proportional"to the square of the flux density in the airgap between

the rotor and the stator. Hence, if the flux distribution is uniform around the

rotor circumference the resultant magnetic.force is zero. However, for the alter-

nator to generate power it is necessary that the flux density varies around the

circumference and, also, it must turn with the rotor. Even so, as long as the

distribution is symmetric, no net forces will act on the rotor, but if the rotor

is eccentric with respect to the stator, dissymmetrics are introduced in the

-3-
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"mfl= distribuWion caueing a resultant force om the rotor. To illustrate, consider

,O ciaple cse of a four pole homopolar 8awrtet which to studiai I* mo detail in
Appemdices I and V. The rotor has tvo north poles and two suth poles which are not
in the sme pliion (see also figure 1):

-. . .. .,

°g.

-Th flux densit at the first north pole is B1. Itloline per sq. inch, and at the
2second north pole It is B2  If the atre of a pole is A lf cb the net force

acting on the rotor due to the north poles is:

A

where the factor lk is Introduced to got Fgin lbs. when and B2 are In
kilolines per sq. inch and A is in.6q. inch.

When the rotor is concentric within the stator, the radial airgap at the poles is

- ~~C, inch, and tha aftrage'flux density is B..In that coast.B ~ . and
the net force is zero (i.e. Ff z 0 see eq. (1)). NIwever, when the rotor
Is eccentric such that its center has the coordinates x and y with respect to the
center of the stator (see the figure above), the airgaps at the two poales are not

the same. The flux density is inversoly proportional to the airgap, and assuming
the rotor eccentricity to be small compared to the. radial gap C, the airgaps at the

two poles can be expressed as:

-4.
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airgap at the first north pole: h, C[ I ost&t)- s$ t . .)

airlap at the second north pole: 1tC[ I+t COSt)+ Siid &A)]

(a Is the angular speed of the rotor, radins/sec, such that (cot) gives the'

angle at time t between the x-axis and the line through the poles. Since it

is assumed that the ratios c and t are small compared to 1, the flux den-
"sities become:

B, C . -B. [I+ I COs&t)4+ "s;n(&t)]
--- '(3)

from which:
2 z

-+ Z- co (t k 2 S"(t

1-n 2 -1+~ cos (ot) 1- 2 Sin (cot)

The net force acting on the rotor is then determined from eq. (1) as:

m 4~ A cost'cit) + ýs;n (cdju(4

This force follows the rotor as it turns. Its components in the fixed x-y-

coordinate system are:

F c•.s((at)= Z AM( tt

Fp j 4 FSon (cat) A AB; [X Sin(M)c4 91#c(I-oS(?fat)))
It is seen that the force is directly proportional to the eccentricities x

and y (this is, of course, only true when x and y are reasonably small compared

to the radial airgap C). Hencei the magnetic force acts as a negative spring

force (negative because the force acts in the same direction as the displacement;

it does not oppose the displacement as a mechanical spring would do). It can

further be observed that the force contains two parts, one part which for

given eccentricities x and y is constant, and one part which varies periodically

with a frequency of twice the rotor speed. The constant part of the force

acts on the rotor simply as a negative, static spring, but the timevarying

part can force the rotor to whirl and even-induce instability as discussed

-5-
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later. All generator types produce magnetic forces of the same general form as

shown above although the timevaryinS part say be absent in sorn cases. Of the three

generator types studies, the four pole hamopolar generator and the heaeropolar.

inductor generator under load have magnetic forces with timovaryinS components,

whereas the homopolar generator with more than four poles and the two-coLt Lundell

generator only have static force components.

To complete the above example of the magnetic forces in the four pole homopolar

generator, where only the forces acting on the north poles habe been considered

so far, the forces acting on the south poles, F, and E , can be obtained

simply by observing that the south poles lag the north poles by 90 degrees.

Hence, by replacing (wt ) by ( Ct- q6 ) in eqs. (5), the forces on the south

poles become:

E, -2 !V;(2
.2 (6)

Fs A0 [-C rXSin (cauit) II'Co)1LiMJ]
Thus, if the north poles and the south poles are in the same plane, the net forces

acting on the rotor, namely Fx (FMV+ISN ) and F- 4 ., . are in-

dependent of time. Only, when the pole planes do not coincide, is there a possi-

bility of a timevarying force or a timevarying moment. For details, see Appendix I.

This simple analysis illustrates the general character of the more detailed analysis

employed in Appendices I tc V! to derive the formulas for calculating the magnetic

forces. The analyses are concerned with the fundamental harmonic of the forces

and do not consider the contributions from such factors as highe-z harmonics in the

flux wave or higher harmonics in the flux density distribution caused by edge

effects, slotting or pole shape. It will normally be found that such factors have

negligible influence on the net forces although they can cause appreciable local

forces. They are basically unaffected by rotor eccentricity and, therefore, cancel

out when the net force is obtained. The effect of generator load, on the other

hand, cannot be ignored and is included in the analysis. When the alternator

operates under load, the armature windings produce a magnetomotive force, commonly

known as the armature reaction, wtich opposes the flux direction of the main

field. Thus, the general effect of the armature reaction is to reduce the magnetic

forces and, at the same time, it may also introduce new timevarying force components

- 6-
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which have the frequency of the line currcat or.harmouics thereof.

The analysis ignores saturation effects in the iron and esumee that all of
the reluctance in the magnetic flux path occurs in the airgaps at the poles.

In practice this assumption is not valid where the iron operates close to satu-

ration. The effect of saturation is to reduce the maSnetic force ,values

obtained on-the basas ?of-unsaturated iron. To ill,,trate, return to the homo-

polar generator analyzed above. As shown in Figure 1, the field col is between

the two pole planes. The flux starts in the rotor at the north poles, passes

the airgaps of the north poles, goes through the stator iron and returns to

the rotor.via the airgaps of tho south poles. The combined 7eluctance of the

two airgaps of the north poles is (two reluctances in paralil):

"where C is the radial airgap, A is the pole area and t4 is the permeability

of air. The reluctance R of the airgaps at the south poles is the same,

1.e. '$ 0 . The reluctance LT of the flui path through the stator iron

depends on how the flux is distributed over the cross-sections of the path.

Symbolically the reluctance may be written:

where represents the total length of the flux path, Z is the coordinate

along the path, Ar is the cross-sectional flux area which depends on Z

and /l is the permeability of the stator iron. /Ar is a function of the local

flux density and, thus, is a function of Z (it actually also varies over the

cross-sectional area). The calculation of I•1 is rather cmplicated since the

permeability is a non-linear function of the flux density, thereby making it

necessary to compute the detailed flux distribution in order to find the effective
overall reluctance of the flux path.

The reluctance of the flux path through the rotor.can'be represented in

a similar way:

-7-



............... . ...

where the musning of the symbols is the same as above. The total reluctance of.the flux path Is the sum of the four roluct--cas" + r+ a
Thus, if the field coil produces a magnetomotive foece , the drop in mef,

a across the airgaps at the north poles become: £

* (10)

where 3 *N If saturation ef fects ate ignored, then Of1 Z 4R2  0 and

"� . The actual drop in muf is saeller, causing a proportional reduction

in flux density and, therefore, a parallel reduction in the magnetic forces.

In this way the effect of saturation can be included by ;kiltiplying the force 2

values obtained on the basis of unsaturated iron by the factor:[C/(ftirIR).

It should be emphasized, however, that this adjustment is only necessary if the

flux density has been calculated on the basis of unsaturated iron. If instead

the actual-fluz density, B* , in the airgaps at this pol-e is known and used

directly in the formulas given in the following sections, the effect of saturation

is already included (because the effect is included in B6 )"

Having determined the magnetic forces, their effect on the rotor can be studied.

It should first be noted that that part of the forces which does not vary with time,

has only a "passive" effect. It can be represented simply by negative springs

in parallel with the stiffnesses of the rotor bearings and the stiffness of the

rotor shaft. It is obvious that if this negative stiffness is large enough to

offset the combined rotor-bearing stiffness, then the rotor will be statically

unstable or, in other words, the magnetic forces are so large that the rotor

is simply pulled up against the stator.. This case is of academic interest only

or, at least, it is readily checked and does not require any special investigation.

Hence, assuning that the system is statically stable, the timeindependent compo-

nents of the magnetic forces can be considered an integral part of the rotor-bearing

system in which they are included simply as another rotor bearing, although with

a negative stiffness. In the analysis this negative stiffness is called

-8-



The/Inch., and in additiou ailovan; '.1ai"&fade '.&ol a # lar negative mssent atfi~e
t~ lbs-inch/radian. They must be. spectfEa i* 6the impft to the rtotr, cos~iiitrl

program.

Turning next to the ti=.varying .coapobmntseE eheivagnette- force,, they can in-

fluence the rotor in two ways-.., they- Mynt;d •ea teabi-ity, ankd, furthermore, if

there is any built-in eccentricity..betweeonte.,oeto' and' the- stator, they can
force the rotor to whirl. Using again-te-pu.tvlodst-ezaple-of-the 4.pole hoso-

polar generator, let the -rotos displaecemenmt eusredfrom.-the center of the

alternator stator be XN and 9W in the planes of.'the north poles, and X5  and

Sin the plane-of the south poles. Thenwthe t•msev*ryIng-components of the

magnetic forces can be written (from eqs. {5) and (6)):

Fmi . 6 Y" Co NO + 2
(F A_ ep X -(t)- CsM0

36C

(Ex W Cos

¢AXB,5- ' , -( 0C(t)]

Let the distance between the two pole planes be Lp, inch,. Then the slopes of'.the

rotor are:

e xS (12)

The rotor displacements at the center plane of the alternator, midway between

the two pole planes, are:

(13)

,9 z ,j, + 9.5)

-9-
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The fore andF aW the moTe .. mudTV -acti ng the,*e oat' - 2esrt t

cmnterplane of the alternator are: *"-

r, i,, Lp(Ff

Substituting eqs. (11) into eas (14) and making--use .of- eqs-- (12) and (13) yields:

Fx- I'p .,. Co a)- r

F, Lp f-s o(2wt) -Pcoas(Mat))1L, [e.s3 (5

1 36CL [c (t)+

Now, assume that the rotor starts to whirl in a clasedorbit such that X., e,

and f represent. harmonic oscillations. Then themagnetic -forces perforawork

on the rotor and, if this work is integrated over one'cycle-todetermine the net

energy, it will be found, that if the rotor-motion,'is-periodic-with a fundamental

frequency of either W or 2wm , the possibility-exists of the energy input to

the rotor Zbeing positive. In other words; energy-can'be-transferred from the Mag-
netic field to the rotor motion. It obviously depends on'the-phase relationships

between the magnetic forces and the rotor notion-if the-energy transfer to the rotor

will be positive or negative, but if the energy'ispositive,. the rotor motion Vill

actually grow and the rotor is unstable. If the-energy8is-zero, the. rotor motion

will persist indefinitely and the system isonthe'threshold-of instability. The

phase relationship between the magnetic forces-and the-rotor-motion is governed

by the stiffness, damping and inertia properties-of-the-rotor-bearing system and

for an-actual rotor it is necessary to perform the-detailed calculations on a

computer. The computer program for such a calculation -is described in details in

Appendix X1. Although the program-does not-actually-check'the-rotor stability by

means of the outlined energy method, the employed-method-is-equivalent and the basic

analysis is described in Appendix IX. The-program calculates the threshold of

instability as the zero-point of either of two determinants in complete analogy to

the above development where the rotor-is-on the-threshold'of instability when

-10-
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.- •? ..... an* .b entgy input to *zero which say PP-i•ttll'lls|et.frequency I .is ..

, ,-either (o or- ZW (in -fact, -tha%.fwo •determ1A .mes-orreseponds-to-roter motions

with these two fundamental frequencies.);I n-setrehtftgfor the-zero points 'of

the determinants (ite, the thre4held.of-inseability);ther otore'speed is kept
fixed and the magnetic--forces.. re varied--.,ver: a-specified.-range. Once the
threshold hu been- found,' it i. .-iiedLatelyo-eheeked-eifs-the- actual msanetic forces
puts the rotor in a stable- or 'ant, unstable-z-new, of operation.

This form of instability is noomally class-ited-es-aMathieu type of instability
(references 1 and 2). However; the classiaal',Mathieu' equation represents, in
this context, a rigid, symmetrlcal•rotor 'vitbronly one•-citical speed, with only
one amplitude direction and' with-'no- dami•tgW n- the-system. A-stability map forf\ such a system, although' with damping' inaluded'-19shown-'in figure 5. It will be
discussed in detail in the' chapter-entitied•!'Thb•-ueaeep of' Stability and Response
of a Rotor with Magnetitc ForcesO1 ,. Meet-,rotors ;hoveve?;, an'not 'be represented
in this simplified fashion.."A •typical •roztes-nt-enttrely'symmetric and of
greater importance, it has many'-eriticai- speedu.-F-ulthhermorse;-the-Mathieu equation
allows only for' one form-bft he' magnetie-forces-"hith;- as' an eample, cannot be
made to represent the forces in a four pole homopolar generator. The developed
computer program is far more general and can-treat-any-arbitrary rotor with all
its resonances, and also makes it possible' to-specify--magnetic'forces of any.
form desired.

In writing the program it has been considered to-'admit'-more-than one frequency
in the magnetic forces (in the language-of-the literature: to'go from a Mathieu
equation to a Hill aquation). However, thestudy-of the'three selected generator

types does not indicate that higher harmonics of the fundamental frequency are
important. Hence, only the force components-of-the fundamental harmonic are
treated by the computer program. Furthermore, to-include:higher harmonics would
drastically increase-the computer time. From the-point-of-view of the analysis
or writing the computer program, it is just as easy to treat any number of
frequencies than just one but it is felt, at this stag.o, that it would be un-

justified because of the computer time.

' 11
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It should be ephasized that It is not a simple..zotiwtertkg Cepromatabii

calculation. Xt requires some -pre-koevledge-O tbetcharacteristics of the reter.. ,
bearings system (notably where the- cieitial- sp~eadaro) -Is, order -to Interpret the,

results of the calculations correctlyj and-it'is, necessary' to -perform calcul~ations
not only at the operating speed but ever.a. suEfftelene-ranger of -speeds that a
stability map can be established.. These. problmewor discussed av length in the
chapter entitled: "Discussion on Performiug-9tabtlity- Calculations.".

The rotor response calculation- Is- mere. readily-perforcd than- the- stability calcu-
lat ion. Let eqs. (15) be representative' of ,thee ttaevaryingr magntic forces and
assume that there is a built-in- ecceemericitybetweew the-roetor.. centerline and the
stator axis such that, without the-rotor-whirling, the-center of-the rotor has.
the coordinates X6 and 10with respect to-the center-of the stator, measured In_
the centerplane of the alternator.; Furthermore, the-sxIs of~the rotor Is aie-
aligned with respect to the stator axis-by the-angles e* and .o Then, as seen

from eqs. (15), forces and moments will act on the rotor:

SLp [ V. Ca5it) co

36C

Thes focsAndmmnswl bi9l oc hertrt hr.Snetefre

Thechafical unaan oe.nt gneali will bbiulyfre th f oord -toa this l w ibete thpfr cesmia

hae&frequency of thvbrton. raoievera, a-s show byeq;(15), thathe ragntiforcesl
depend onhtesaefeuecIe the rotor apltde qs 16 n*represntswi Cha part*o thie force

whvuichni inducead by the bsit-ncenou irtriity. Thune-remaininga rttof thes magei

forancs, unbamlyathe. differener beteneq.()nd will-b-onthttawint erc wthe thedmnt

induced forces via the rotor-bearing system-and-will-cause the rotor to respond

not only with a frequency of ?owi, but also with--the frequencies 4c' "i teu
and so on. This calculation Is performed by means of the computer program described

In details In Appendix XII.The basic analysis is -contained In Appendix X. An in

121



the stability computer program, the rotor may be any arbitrary flexible rotor

wi~th several bearings, and the form of the magnetic forces Is quite general.

To calculate the response, the built-in eccentricities between the rotor and the

stator must, of course, be specified. A more detailed discussion of this type

of calculation is given in the chapter: "Discussion on Performing Response

Calculations."

In summary it can be said that the analyses, the formulas for calculating the

magnetic forces in the generator and the two rotor dynamic computer programs

are quite general, and together they provide adequate means for a comprehensive

check of the performance of a proposed alternator rotor-bearing system design.

It should be noted, however, that whereas the presented analyses and the compu-

tational methods are believed to be sound, there are no test data or actual

measurements available against which the theoretical predictions can be checked

and compared. Furthermore, in those applications where the magnetic force

gradients are small compared to the combined rotor-bearing stiffness (say, less

than 30 percent), the two rotor computer programs are unnecessarily "sophisticated"

and unjustifiably complex. They give correct results but in far more detail

than required for design purposes. On the other band it is felt, that as long as

no real practical experience is available to serve as a guide, it is safer to use

calculation methods which are generally applicable although for any particular

application much of the generated information may prove to be of limited practical

significance. At this early time in the development of designing alternators

for space power plants it is not possible to predict with any accuracy what

future requirments may demand and viewed in that context the presented methods

should be able to serve their purpose.

i:
2:
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T113 MAMWETIC FORCES 0F "tHE BRUSHLESS GENERATOR TYPES

Three brushless generator typis are investigated: the homopolar generator, the

beteropolar inductor generator and the two-coil Lundell generator. They are

shown schematically in Figures I to 3. The magnetic forzes produced by these

generators have been derived for the generators operating without and with load

and the analyses are given in datail in Appendices I to III.Since manufactured

generators differ widely in construction (notably in the way they are wound),

even if they are of the same type, the analyses are keptgeneral, not specific.

The objective of the analyses is to derive simple formulas from which the magnetic

forces can be calculated with sufficient accuracy for engineering purposes. Only

the fundamental harmonic of the forces are considered and such factors as higher

harmonics in the flux wave or stator and rotor slotting are disregarded. The

most serious assumption is that saturation effects are ignored. However, satura-

tion will reduce the magnitude of the forces and the developed formulas will,'

therefore, give too large forces. Thus, the rotor calculations will be conserva-

tive and actually have a built-in safety factor. It should be noted, on the other

hand, that in an actual generator the eccentricity between the stator and the

rotor is met knownwith too high a degree of accuracy, so that a safety factor is

required anyway.

The formulas for calculating the magnetic forces are set up to conform with the

required input format to the rotor stability and the rotor response computer

programs. Hence, the calculated numerical values can be used directly as input

to either of the two computer programs. To explain the input format, let x and

y be the amplitudes 6f the rotor in the centerplane of the generator, and let e
and be the corresponding slope. of the rotor (i.e. , and

taken at the centerplane of the generator, where x Is the coordinate along the

rotor axis). The magnetic forces have the two force components: F and F , and
the two moment components: T and T . The forces are assumed to be proportional

x y
to the amplitudes and slopes of the rotor:

KI0 47 00 Qfl IiSat - J
~~'~~~;~ ..,~ Q ,]~ J t (17)

-15-
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Here, T and F are the magnetic force" in lbs, Tx and T are the magnetic momentsZ: y y

In lbs-inch,1 Lini the frequency of the mantic forces In radians/sec~ t Is
time In seconds, and the Q's and q's are the gradients of the magnetic frce" and

moments where the first index specifias the force directio and the lest Idex igives

the amplitude direction. The twe computer progam require that tibe'lues 0f these

gradients are given in the computer input. In the following it will be shoin how

the gradients are obtained for the generator types under study.

The 4 Pole Homopolar Generator - The magnetic forces in the homopolar generator

are analyzed in Appendices I and V. There it is shown that only for the four pole

generator are the magnetic forces timevarying. Thus, the rotor stability progrna

and the rtuor response program only apply to this case. For a different number of

poleos, there is no response or stability problem.

As shown in Figure 1, the north poles and the south poles are in separate planes.

Let the distance between the two planes be Lp, inch. Then the magnetic forces

S.... and 'moments for the generator operating with no load become (see Eq. (A.46),

x 0 0-1 .0 0 00 1 X 8

R0 0 010 0 J( J.... 36C 11,, ; ,1i-L00 oI•slt! o o... II;
0 00 1 0

where CO is the angular areed of the rotor in radians/sec. Hence, in terms of

eq. (17):

72C inch (19)

-A5 : Ik.! (20)

72C

(all other values of Q and q are zero)

The nomenclature is:

A - area of one pole, inch
2

-16- *1



C radial air Sap at the pole., 'Inch

L distance betere~n planes of -north poles and 'south pilea InchI

o a Iverage flux density in the air Sape at the polas due to the field

oilsB, kilolines/inch2

To take .an example, let the average flux density be 50 kiiaulehs/ 2 . . .

(This Is a rather average value for generators for space pove- plants and

similar applications). Furthermore, let the radial air Sap be 0.040 Inch,

the length between pole planes: L - 4.2 Inch and the pole area: A - 5.76 inch2 .

Then: 2
AIL s76(b -mo 00 6

72 C 72"0.040 isich

Hence:

Qrz Zo, ooo k

-,-- oW6 2 ~- ,xoz , =% -4 2, ooo ,-w•iw" 1,=
-o *,, 00 J, w ,2.00 -f=fo

The ratio between the magnetic force frequency and the speed of the rotor Is:

In this way all the magnetic force, Input data required for the two computer

p-ograms have been obtained.

When the generator is loaded, all the above values are reduced by being multi-
2plied by the factor (1-fwd)2 v-.re:

Kit 1(p ~N rA SIh k+ 6) (23)

where:

S- resistance of the field coil, ohms.

N4 - number of turns of the field coil

E; - the d.c. voltage impressed in the field coils, volts

NA - number of turns of one armature *"ndin--- -

-17
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'A a the :-outer value of the current, amps' :7 * 7,:
i K~~~d a distribution factor (2f,•0.96 to 1) 7•;;.y.k•m,,. i ,•• f6

K? * pitch factor (T 0.96 to 1)

p power factor angle ., .. SI,.'

J * power angle.

Thus, Sd gives the ratio betveen the do-uagnetizing component of the armature "

reaction and half of the mmf of the field coil. A detailed discussion is given

in Appendices IV and Vo To calculate f, it is necessary to obtain the necessary

data from the generator manufacturer.

11he Heteropolar Inductor Generator under Load. The magnetic forces of the hetero-

polar inductor generator under load are analyzed in Appendix VI. Only when the

generator operates under load are the magnetic forces tlmedependent and, thus,

or.Ly in this case can a rotor stability and a rotor response calculation be per-

formed.

The heteropolar inductor generator produces magnetic forces only and no moments.

The forces are deri':ed in Appendix VI as:

fffc+1;)~ -[4c O}Sif t&)j{} (24)

Hence, in terms of eq. (17):

s 72 C #f S''ci (25)

--. = 0(26)

- 72C C, (27)

All other gradients are zero. The ratio between the magnetic force frequency

..f and the rotor speed is:

- 18 -
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ri

Iasi (29)

The nomenclature is:

2n - total number of poles (n north poles and n south poles)

ne a one half the number of stator teeth per pole

n. a total number of rotor teeth

AT a area of one stacor tooth, inch

C - radial air gap at the poles, inch

B°a average flux density in the air gaps at the poles due to the field

chils, kilolines/inch2

fa4 fundamental components of the armature reaction, dimensionless.

The method for evaluating and f is given in Appendix VI. Here it is- found,

restricting the analysis to the first harmonic, that:

" = + C•L (30)

I+Cv Lr

where:

V - nrCm * the frequency of the magnetic force., radians/sec

• - sum of the self-inductances of the 4n armature coils, Henries

Lf- the self-fnductance of one field coil, Henries

Yf - ILR'C4VLgI . the admittance of a field coil, ohms-'

-R resistance of a field coil, ohms

TYA -LK?, 4 ivLAI , the admittance of the power circuit, ohms-'
R. A resistance of the power circuit, ohms

LA A inductance of the power circuit, Henries

Let P be the permeance of the airgaps of one half the stator teeth of a pole.

Then:

.C (31)

191
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where /A is the permeability of air. Then:

Lc- 4n A (32)

' ! .I
whore:

N, - number of turns of one armature coil (there are 4 n coils)

N; - number of turns of one fiald coil

Returning to eq. (30), it can be written:

=+*I+ -i A/,, (34)
+~ (34

Consider the numerator. tihen the line current lags the linevoltage Vy- a phase

angle t , then the power factor, pf, is defined as:

As shown in Appendix IV eq. (D.16):

.R,
pf = r__ (36)

"for which:

VLA y I - (plr (37)

If it assumed, furthermore, that the field coil circuit is predominantly inductive

(i.e. Pf/ Li 0 ), then eq. (34) becomes:

~f ~ 2 LA4 1pla-~~

from which:

- 20 -



1P 7', , •" . L

'If

~LA

These equations must be considered to be approximate only, but they probably

yield sufficient accurate results for the purpose of the rotor calculations.

To Illustrate the use of the expressions, consider a nmeuical eImpls. Let

the generator configuration be as depicted in Fig. 2. Sme, there are 4 poles

with four st'Ator teeth per pole, and the rotor has 20 teeth:

n -2

o n- 2

- 20

2The rotor is 6 inches long and the area of one stator tooth is 1.25 Inch

The radial airgap is 0.005 inch:

AT = 1.25 inch2

C - 0.005 inch

Assume an average flux density of:

B - 50 kilolines/inch
2

0

With these numbers:

nnA,822.2~s) 69,440 1
72 C 7?.0.oo05 NAi,

Assume the power factor to be 0.8 and let the ratio between the inductance of

the armature coils and the power circuit be 1:

pi: 0.8
Lt/L=A

- 21 -



Then, from eqs. (39) and (40): - i
S€=0.4

Then,eqs. (25) to (29) yield:

uk

,. Z. 0 .

2o
These values can be used directly as input to the rotor response and the rotor

stability programs.

The Two-Coil Lundell Generator. The magnetic forces for this generator are analyzed

in Appendix 11.It is shown that, in general, there are no time-vayink , magnetic

forces in the two-coil Lundell generator or, if there are, they will be mnall

since they are caused primarily by differences in pole areas. Hence, this generator
is of little interest for purposes of calculating rotor stability and rotor response.

The two-coil Lundell generator has the same magnetic force characteristics as the

homopolar generator except that the north poles and the south poles are in the

same plane. It is this factor which is responsible for elliminating the time-

averaging magnetic forces.

- 22 -
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TER 00CRXP OF STABILITY AND RESFON8B -F-k-RfM M=1 Ii Imz -jC FORME

In the proceeding chapter, a brief discussien has been gtmr on how'the man•etic

forces can cause the rotor to whirl and also -finduae- iUstIlity. A more

specific diecussion in, however, nacessary -In-order'to-deribe the basic.

features of the two rotor computer programs; --- Fot this perpo,., consider a

simplified rotor model where the rotor ie'rigid-and-,symetric. The rotor meas

Is a, the total bearing stiffness is X -and.-thetotal bearlog damping is B.

If the rotor amplitude is x the magnt.e -forces are takes: C0-

where-(4 is the frequency of the magnetic forces* Q. and 0 8 are the gradients

of .the magnetic force, and t is time. The equation of notion ies#

iVj' +8 "+[K-Q.+Qc,(.ltJxmO (42)

Thin equation is the damped Mathieu equation. To check its stability, expand

X in a Fourier series (references 1 and 2):

XW N" Ccos (k V4) X5, s.I,(kV) (43)
khro

where:

Substitute eq. (43) Into eq. (42):

r; ~+ 0, Cos RV//) ['L)'cc, €s VI.(k•)-- xs,. s,*n(" -- 0 (46)
S~kso

With the trigonometric identities:

cos650y) coS,(j)= (• s (o (4 y)l + C.s 4-2)v'
S~(47)
Cos NV~i) 1L~k# IS (ia (iv.2)1/'- Vs,ft(k2)ylj (7

- 23 -
/



"ad Collecting termsIn cOs( ky) and sin(kV') **e. 4) i esx. to '&e
inflite sets of s1aidtancous ''a~Lu , efia'461

ýk z (49)

vher~by the two sets of equations can be written:
ace o,o0 0 0 0 0Oo0--~

Q - IQ$ 0 0 0 0 0- .
0 A t 0 Q,0 0 0 b--
o Ofi 0 94 01~Q 0 0 0~o1 0 X a4,o -- (50)

(t~Q)-, ~00 0 0 0- g

0 0 Q A0 0 0W6Q 0 Of

o o 0 0s 0 G 0'--- lf

0 0 Q 0 f.A ~ 0 kO--- r.

To obtain a solution, note that for k a3 the equations can be written:

k (52)

Set:

{ ZA {Z:Z,'I~zJ(53)
-24-



"and substitute Into eq. (52) to get:-

A1

Noting the definition of O and •k it is seen, that as. k , -0
and Xg go to zero. Hence, we may choose -a sufficiently high value of k that

the corresponding values of dk and A, can beset equal to:'mare withoutonotably

affecting the accuracy of the calculation." Starting from this value of k,
and decreasing k in steps of 2, all the and S can be computed from the

recurrence relationships above, keeping the 0ý S and' AI'S for k even separated

from the OfS and Ak'S for k odd. Carrying the calculations out to k-4 and
,t

k-3, respectively, eqs. (50) and (51) become:

X 0(56)

(A2 +z JA) (x,+jijO~)Jlk, 2J(6

(57)

j (A.4iQo,1))

When Xc and X,, are different from zero,.,the -rotor is-unstable. This requires

that at least one.of the determinants of the' two 'matrices vanish.- Hence, the

zero-point of the two determinants e9tj'xMbsh'the stability boundaries. To illustrate,

assume there is no damping ( B=, .e. A'r=O 4-4, thertore, = ). Further-

more, assume that Qj is sufficiently smell that d, and 4, can be ignored (note:

o(d is "proportional" to W1 , see eq. (54)). Under -these assumptions the deter-

-25-I ______________________- 2

-' ' ' . - - . -. - - .- , I



ulnante becasu: . ..

Subs titute for WO* X , and X2 from eq. (48) and-Introduce the critical speed of

the rotor: ~

60 h.(0

Then the determinants yield the solutions: -

(61)

2 [1

=±At4./. (63)

These equations define the stability boundary for " smll values of A 00
sand f or WS 0 i. e. for W> C . Graphically the equations can

be shown on a stability map:

0.5

2*2

j . -26-



"A
- � -N

- . - �..,,.
N .'

�*1
It seen the -

La that e�uations produce two soaw ef Snatebility, one centered at
and one 8 tM

� * If UO?* terms Ct Caffiad' La evaluating 4
additional instability tones will be found, centered at £�I#I 1f I, -- -

but the senee become increasingly narrwer. Furthermore, when damping i.e added

the uoues no longer reach �/(k�.) nO. A. more-detiled p2oc Is sheen in Fig. S
is , the ordinate 15

�re the different values of the-damping � there are curves shoving
the boundaries for parter B/z i .�
which gives the ratio between the damping coefficient B and the critical damping.
The curves are calculated on the basis of the -outlined analysis with a maximum

value of k of 30.

A similar stability map is shown in Fig. 6 but whereas the first map is based on
I.e --- force of the form 0, ces(f'1t�, the second map is based on

a t va.,..� magnetic

a square wave variation:

The difference between the two stability maps is not of any particular importance

for most practical cases where seldom exceeds I. Th. second map,

however, illustrates that the changes in the stability zones caused by higher

harmonics in. the timevarying magnetic forces are small.

The analysis for calculating che stability map shown in Fig. 6 can be fo�md in

reference 1.

Turning next to the amplitude response of-the :otor model considered above, assome
I

that the rotor has a steady state eccentricity �* measured:from the axis of the

magnetic field, before the field is activated. When the magnetic field is
S

activated, the rotor axis is pulled further out a distance 4 until a balance is

reached between the rotor-bearing stiffness -and the :aagnecic forces, i.e.
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X01. (64)

Yo Y;-4;Wa (65)

the equation of motion becomes: -*~

th +8 + K((4 ) (.Qces&2t))6e..,eX)

V ~or.*

Ph + ~ {-.+,octJ=-~~o~t (66)

This equation is identical to eq. (42) except for-the--non.'zero right hand side.

Expand x in a Fourier series:

too

where:

(68)

This expansion differs from the earlier one .of-oq,. (43) ay' excluding all the terus

with ill because these terms drop out in the response-calculation. Hence, kr

is redefined and is half of Its previous-value. :Except for this change, eq. (66)

is expanded as shown earlier resulting-in an-infinite set-of equations:
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0 0 0 0
0, V V U -. _

o 0, x, I Q4o o .i, 0 0 694 (; 69)

0o jQ, 0 i4-A, Q, -- as 0 0
i:. o o 10, ½ v.0 o £Q.-- v,, o0 WS 0 IQ WS t

."I I I I I I I "I .• I

where:

got (70)

Theae.equations are reduced to 3 equations by the procedure employed previously
to: J , a (a,+•0,) 0(A,+o p,)

e (72)

, ,,, .,) V I Y

The equations are readily solved to give:

Xto= x°(,i,,%(•.o0)1 0 •(,io.1. (73) i5I z

-C X (74)

- At,+•~Q , 'XC (75)

For simplification, asstue that there is no damping ( B•O i'.e. A _-O

and, therefore, j, 0 ). Furthermore, assame that Ol. can be ignored. Intro-

ducing the critical speed WC fros eq. (60) the above equations become:
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I S

6, (77)

f •" 0 (78)

)Cc$ gives the shift in equilibrium position beyond- the previously determined

see eq. (64), such that the total static' eccentricity between the magnetic

axis and the rotor axis is:

I_/A )_z•- (-)_ Ix4 (79)4a 1 K

where V is the mechanically built-in &ccentricity.

Co

small te , the amplitude MCI is the same

as would be obtained if the term QtCOS(MOt) was ignored on the left hand side of

aq. (66). Hence, under the stated condition the-analysis can be simplified

significantly.

In the preceeding it has been assumed that the"rotor is rigid and symetric and,

furthermore, that only one amplitude direction needs to be considered. Also,

such a simple rotor model gives-rise to only one-resonance ("critical speed").

Although these assumptions are reasonably valid in-some applications, many rotors

are unsymetric or flexible and all rotors have more than one critical speed. In

addition, the timevarying magnetic forces, and frequently'also the bearing stiffness

and damping, cause coupling between the x'and-yamplitude directions. Hence, .

much more extensive analysis is required to treat an arbitrary rotor. However, the

-30-
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basic principle of the preceeding analysis is still va1.d. Returning to oq. -(46),

WhIch forms the basis of the previou solution, It can be, writtes:......L

kcse& " Airn SE Q$ +~.( kkC4 Sh& :0(80) * •: "

where Mi and A are given by eqs. (48) and (49). Introduce a complex notation:

xk = xCI + i x(5 (81)

which is actually an abbreviated notation which-in its complete fort reand:

Xk =X,,,C5(kV)-X,,SiI,(k~f) (82)

where .imem that only the roal part of the brackte etexpression applies.

For convenience, both •CI ) and L' are dropped during the detailed

analysis and only brought brock In the final answer. With this convention,

eq. (80) can be vritten: '

6(, 1ý+ Q, Cas(24v)Z Ek =0 (83)

( •EI 4 il+ is called the impedance of the rotor. It gives the ratio between

An applied force F with a given frequency and the resulting amplitude .

This is seen by simply applying a force iXk with a frequency ( k •)

to the rotor alone without timevarying magnetic forces. The equation of motion

becomes (see eq. (42)):

7Px dx.

where:
rXIC Fct FySk Fkc v~~) rs s;h (klr)

Then the solution is:

Z(-1o 4 ik026 + i Ak (84)
wh.ich shows the meanir of the impedance ( 4 J ) gk )•
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I
The response at any location on an arbitrary rotor can also be'representedby

Impedances, and these Impedances are determai4d by applying- known dynamic forces,

at the particular location on the rotor, computing.,the corrasponding mplitude and

taking the ratio, In an arbitrary rotor it is necessary-to apply forces in both the'

z and y-diractions so that in total:

Letting the frequency (k 9) of the applied forces take on all desired values,
the impedances can be determined for k-'0, 1 2, . These impedances can than

be substituted into equations, ope for the x-direction and one for the y-direction,

of the same general form as eq. (46). Thereafter-the corresponding infinite matrices

can be formed, analogous to eqs. (50) and (51), -and-used in either a stability

investigation or a response calculation as discussed previously.
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DISCUSSION ON PERFORMING STABILITY CALCULATIONS

The general method employed in calculating the threshold of instability is

discussed in the proceeding chapter and the detailed analysis in given Lu.

Appendix IX In order to make proper use of the stability computer program,

described in details in Appendix XI it is necessary to be: rather familiar with

the analysis. Therefore, a brief dihcussion will be given in the following to

illustrate how some knowledge of the analysis is essential to a proper inter-

pretatio2 of the computer output.

It should first be remarked that the computer program is written for an arbitrary

rotor where, as an example, it is assum-ed that the bearings have different

stiffnesse and damping in the vertical and horizontal directions and, further-

more, that there is coupling between the motion in the two directions. Some

rotor-bearing systems are axisymmetric in which case the motions in the two

dtrections are the same and the program does twice as many calculations as are
actually necessary. Then the stability determinants tend to stay positive

and the threshold of instability is not readily found because of the difficulties

involved in determining those particular points where the determinants may assume

a value of zero. Hence, it can be said that the program's ability to handle

the completely general case sometimes makes it more difficult to examine simpler

systems.

The discussion is best carried out by taking an example for illustration. The
two instability determinants are given by eqs. (J.25) and (J.28), Appendix IX,as:

IEco+z Sca + iSso 0) LefeOnie (86)

Determinant of C (E+5),2tX~~: (87)

(adIndel~

where reference is made to Appendix IXfor the meaning of the symbols. Consider

a four pole homopolar generator for which the magnetic force gradients yield

the two matrices (see Appendix I):
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0 0
A'i U 'I:.?

II0 0
24 0

, •0 0• 0 "24..

0 -?q 0 '. ..

2c~ 0(89)
0 -2a 0 0

-2t% 0 0 0

where: . !

Let-, the rotor be symmetric and such that there is no coupling between the x-ampli-

tudes and the y-amplitudes. Hence, the rotor impedance matrices, E., can be

written (eq. (H.72), Appendix VIII):

(?,+ Ax )k 0 0 0f o (Wt + AV 0 0 (11 0 0~i* (.Vq~tAAJC
If the rotor is rigid with a mass m, a transverse mass moment of inertia I and

a negligible polar mess moment of inertia, the bearing stiffness. aro:Kx and

K , and the bearing dampings are B. and B4 , the elements of the impedance

matrix become:

Vill 2 ki - (kv)f,

AXK 2 NOy Bw (92)

Alk 2 (Iv) Bý
Sk 1'(ky) 5,

ti,- j'-(kv) B,



heare 1 is the rotor span between bearings and V j , where 12 Is the re-

quencY of the magnetic forces.

Consider eq. (87) and restrict the analysis to a single harmonic only (i.e.

5, = 0 1. Substitute from eqs. (88), (89) and (91) to get:
JeX, -4,4 0 0 a 0 0 -4 )(,f

0 0 0 0 4 -4 Q
o 0 M• -,A 0 -a -a 0 L• (93)

o 0 A •, -a 0 0 a
S0 0 -a Xt -As, 0 0Oc

f 0 - a -4 0 0. .0 "0

0 -4 -a 0 0 0 fa.At c

% -a 0 0 a 0 0 Av xf I
The determinant of this matrix is the determinanCi"for odd indices. To evaluate

the determinant it is seen that the systems of equations can be written as two

Il sets of equations:

1( + +0 (94)

Solve eq. (95) for {• •f and substitute into eq. (94) to get:or:
((ar.1-A.1  0 i~

_i0 (96)

0~ ~ -411kf +gsE

or:

(Y +Cf I (a-I*iAf X1 + =(f 0 (97)
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The determinant becomee: +"'!

which es zero for:

or -or

""1:0

Asume that the bearinags have no damping, i.e. Is•,=() whereby

eq. (101) becomes.:

+! (100)

a�2, + J , )o

The rotor has four critical speeds:

Co 7 =vni (103)

- 36 -
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Substitute fret eqs. (92) into eq. (102), -ikiu use of eqs. (103):

(104)

i-

3i1cs it is a four polo hbmopelar generator, V:= CA. Nhre Ca is the ansula? speed

of the rotor.

The stability map defined by eq. (104) is best illustrated by assuming certain

numerical values. Let K K (i.e. the bearings are twice as stiff in the

i-direction as in the y-direction). Then:

Asaume also, that the conical critical speed, Ce, is 1.58 times the tranalatory

critical speed Wk such that:

"2.5

Ix
S Then: 

•

The corresponding stability plot becomes-
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S43

1.1

When it is now considered that there will be analogous instability zones located
at 01 etc. and, furthermore, for - > there may be instability

zones caused by the higher critical speeds of the rotor, it is readily seen

that the complete stability map can easily become very complicated. However,

it is necessary to have some preconcept of where the ftstability zones are,

otherwise it is easy to misinterpret the results from the computer program.

Thus,if in the above example the rotor is operating at "I,, the stability

determinant would never be equal to zero because the rotor is inherently unstable

and the determinant only indicates the threshold of instability, i.e. the

boundaries of the instability zones. It cannot tell if the rotor Is stable or

unstable.

When bearing damping is present, the instability zones move up in the above map

and some of the zones may actually disappear altogether. It is still recommended

to perform a calculation without damping first in order to locate the potential

instability zones. It is then eaqier to decide where tb search for the instability

threshold when damping is included.
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"The cmputer program searchas for the threh*ld of Instability by varying

the value of the magnetic force gradient. In other words, in terms of the

above example, a is varied over a specified rana at a fixed value of
and for each value of a the two determinants art, computed. The program detects

if any of. the determinants changes sign but is, of course, otherwise unable to

decide if a determinant has a zero-point. The numerical round-off errors and

also the fact that the determinants are only evaluated at discrete values,

usually prevent the detection of a zero-point where the slope of the determinant

is zero. Ftr thIs reason it is frequently necessary to let the magnetic force

$radiant vary in fine increments.

In stmmary, the recommended procedure for performing a stability calculation is:

a. Determine all the critical speeds of the rotor that may possibly influence

the stability of the rotor. These are the critical speeds which are close to

1/2, 1 and maybe even 3/2 times the frequency of the magnetic forces (it

depends on how well they are damped). The two lowest critical speeds should

always be included and frequently also the third critical speed.

b. The magnetic force frequency, . , is a fixed ratio of the rotor speed c(

For the four pole homopolar generator, , and for the heteropolar inductor

generator, is equal to the number of rotor teeth. Then, on the basis

of the known critical speeds select two rotor speeds, one on each side of the

operating speed. These two speeds are determined as the speeds closest to the

operating speed from the following relationships:

To illustrate, assume that a four pol homopolar generator operates at 12,000 rpm

d( =2 ) and that its first three critical speeds a:e at 9,000, 11,000 and

32,000 rpm. Then the rotor sp:dAs at which the rotor is susceptible to instability

are:
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9 00.rm 1O rpm 32 W rp

. ,." 4,500 rp .3 6•..r 16, 000 rps.: .. •r•. -

S3,000 rp 90 rpm 10,700. rp To.. ,: ,O •.

-Noe,. the m speed range for the calculations are from 11,000. to. 16000 rm-,

S, Perform stability calculations covering the determitied, speed range &r leaving

out aqy bearing damping. In this ray, a stability sap for the undamped system .

Is obtained. If the actual magnetic force gradients are such that the rotor;

operates in a stable zone, the rotor is stable and no further calculations .i

are required. Othervrisa, perform addittional calculations in which the bearing .
damping Is included. In these calculations the magnetic force gradients should

be varied in very small steps in the neighborhoN of the threshold in order to.

determine the exact zero-point (or ntimnan- point) of the insrtability determinant.

If the rotor operates below the zero-point it in stable, otherwilse U~nstable -

(in theory there are exceptions to this rule but in practice the rule should be

40 4

A

S- - q
9,00 rm 1,00 rp 32000rpm•j*
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DISCUSSION ON PERPOUqING RESPONS3 CALCUATIONS

A rotor response calculation is considerably simpler to -erfora than a stability

calculation and does not require the same underst'inding of the detailed analysis,

Rovevere, se* knowledge of the analysis may prove helpful in certain cases.

Let the frequency of the magnetic forces be and the angular speed of the

rotor is W . The ratio: A/c, is fixed for a given generator ( 2 for
the 4 pole homopolar generator, and Z is equal to the number of teeth for the ---
heteropolar inductor generator). The rotor is forced to whirl by the magnetic

forces produced when the rotor axis does not coincide with the magnetic axis

of the alternator stator. The position of the rotor axis is defined by four

coordinates: the eccentricity components 4 and q, measured in the center- J

plane of the alternator, and the misalignment angles 00 9 0 . In the homo- ,

polar generator, both forces and moments will be set up such that the forces

are proportional to S. and To and the moments are prop6rtional to X# and.

In the heteropolar inductor generator, only forces are produced. They are pro-

portional to X# and

The fundamental response of the rotor has the same frequency as the magnetic

forces (i.e. the amplitudes vary harmonically .th the frequencyfl ). In addi-

tion, higher harmonics of the fundamental frcquency will also be excited which

means that the vibratory response will contain components not only with the

fundamental frequencyfl but also with frequencies 3. 3f , and so on. How-

ever, the excitation force available for the higher harmonics normally decrease

rapidly with the number of the harmonics. Let the gradients of the magnetic

forces be represented by the symbol a and let the comVindd rotor-bearing stiff-

ness be represented by K. If the number of the harmonie is M, the available

excitation force for that harmonic is very roughly proportional to X . '

Thus, if the magnetic force gradient is, say 30 percent of the rotor-bearing

stiffness (i.e. 0 .3 ) and resonance effects are ignored, the amplitudes

of the second harmonic are of the order of 10 percent of the amplitudes of the

fundamental harmonic, and the amplitudes of the third harmonic are only of the

order of 1 percent of the fundamental harmonic. Hence, it is readily seen that
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unless is reasonably large, onlT the hfmnc or possibly the
two first harmonies$ are of~any practical siinifticance." The only possible

e*=eption is when ona of. the harmonic f requencies is close to. a resonance of thsr
rotor-bearing'system for which little damping is prevlited. In that case, e"en I
Lf the excitation force may be small, the corresponding amplitudes could, become

appreciable. The resonant peak, on the other hand, will be very narrow. It is,

*therefore, recommended that when a rotor response calculation is performed, the

calculation ise not lindted just to the operating speed but covers a reasonable

speed range around the operating speed. In this vay it will be possible 4 detect

if there are any high amplitude response too close to the operating spese~.
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The pti.ncipal objectives of this volume are: a) to give formulas from which

the magnetic forces in three representative generator types can be calculated,

b) to provide a computer program to calculate the stability of the alternator

rotor, and c) to provide a computer program to calculate'the amplitude response

of the alternator rotor. It is the intention that these engineering tools can

be used in future design and developitent work in the application of alternators

to space power plants and similar machinery, and both the formulas and the two

computer programs are presented in a form where they can be readily applied

to an actual application.

To establish the formulas and the computational methods, a rather complex analysis

has been performed. There is no previous work in this field on which the

analysis can be based and it is Selieved that several of the developed methods

may be of value in future work on electromagnetic force interactiou and rotor

dynamics.

At present there is little test experience or experimental data againatwhich the

results of this investigation cqn be compared. For this reason and, aore sig-

nificantly, also because it is a problem of serious practical concern, it would

be d-- 4 -able to perform a similar invesLigntion of the effect of the Erguetic

forces on the rotor of an electrical motor. As mentioned previously, severe

vibration problems have been encointered in at least three electrical motor

applications and it would be of importance to detcrmine the exact causes of

the vibrations so that the problem may be avoided in future motor designs.

The methods presented in this volume could servt as a basis for such an

investigation.
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APPEHDX I: Manetic Forces of a H omopolar Generator Operating With No Load

A homopolar generator is shown schematically in Fig. 1. It is a brushless

generator whose field coil is lo'cated between the plane of the north poles and

the plane of the south poles. Let there be n north poled and n southpoles.

Furthermore, the field coil has Nf windings such that it's mmf, j is:

where if is the current in the coil.

The magnetic reluctance of the airgap at the k'th north pole Im•X and at

the k'th south pole~k. Set:

• = ••'N~k(A.z)

(A.3A

The flux, 
c leaving the rotor through the 

north poles is the sae flux that

enters the rotor thrfugh the south poles, 
t ;her bhe ntmf's across the airgaps

of the nor th eh 
poles are iN n- 

,respective iy, the

equatgons relating flux and naf arcoaes:

(A. 
4)

Sin, e f u and l are a i th ries, the total reluctance of the flux path is

of th e ignoring the reluctance of p he s ron ,i.e. saturation effects are

ignored). Hence:

(A.5)

Combining eqs. (A.4) and (A.5):

-C3 (A.6)
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To determine the reluctances, assume the rotor to be eccentric by the distance

a from the center of the stator and let the angle between the direction of

displacement and the vertical axis (the X-axis) be at:

center of stator . 9

Xf center of rotor

Angular speed
x of rotor

Define the eccentricity ratio t by:

e = 't(A.8)C

where C is the mean radial gap at the po'le:. Hence:

x = ecos$= Cc cost( (A.9)

v = esio{ = CF sbhi• (A.10)

At time t-0, the first northpole is 6n the x-axis. Hence the center of the

k'th pole is at an angle (k-l) U from the x-axis at t-0. When the angular

speed of the rotor is Wo, the airgap at the center of the k'th northpole can

be expressed as:

The southpoles are displaced 1 from the northpoles, and the airgap at the center

of the k'th southpole becomes:

Thus, the reluctance of the airgap of the k'th northpole becomes:

Nk C!
Ru A= Ap[I- f OS((4t-0(+ ~(kO)] (A.13)
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where A is the area of a pole andýu is the parmeability. if E is aesumed

small (C4< I ), eq. (A.13) yields:

+ L+C0Cos ((Qt )a (A.14)

Hence, from eq. (A.2):

-L= Am rh+ E LC05(wt-@'A+ ~ki
C L ,,

A*"-[t + cos ((o-)~Ics2 (-))- f,~-)2 ,4t-,) Co h, SiW-* ~ ff

Now:

ri for h=1
coS(k (A.16)

kIl 0 o n2

5 = 0 oA.17)

Ignoring the case of n-i, where there are no magnetic forces anyway, eq. (A.15)

becomes:

C
Rm-hAp (A.18)

Similarly, it is found that:C
- a(A.19)

whereby eqs. (A.6) and (A.7) yield:

'N S= Z 4(A.20)

S t and I and also and are independent of time, the total

flux ý will also be independent of time (see eq. (A.4)) which means that there is

ni self-induced current in the field coil.
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On this basis the flux for the k'ch nortbpole becomes:

and for the k'th southpole:

+. E Co ,, -d'" -) (A. 22)
Ots 2C

At each pole there is a radial force pulling on the rotor. For the k'th north-

pole this force becomes:

A )A

where Q is a constant which depends on the units employed for the quantities.

If f is in lines, A is in inch2 and the force is measured in lbs., then

I /
Sa 7Z,130, 000

This force has x and y conponents which for the k'th northpole become:

(F ~~~ Sin(t+ rk0)(.4

When INk is substituted from eq. (A.21) and the forces are stummed over all n

northpoles, the total forces acting on the rotor in the plane of the northpoles

become.

= (F [1t2ECOS(Cat + q(k-i))jSiCt+ (k-1)) (A.25)rMg M31 I 4C I;e
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By expanding the trigoncmetric functions and making use of eqs. (A.16) and

(A.17), these equations can be writteu:

Ft.~ c Pl 54AIE7 o[I+ co2(Oit4 ý(-O))j +siiw~isih2(wt+ ?l(k-))J (A.27)4C

The following identities hold true:

[IO for. hzl
~cos(k 2) for h~=2 (A.29)

k.1

S P kJh) 0 for 411 ii (A.30)

Furthermore, since the total flux is the average flux density B. is:

Introducing these equations into eqs. (A.27) and (A.28) and making use of eqs.

(A.9) and (A.10), the result becomes:
For 2 z•

FAQ Ix (N1+ cmu) t4sn(ct (A. 32)

-A8 j Sn (?cut) + 4,4(I-Co$(2&ut))1j (A.33)

For n03

M AB1. (A.34)

N Ae (A.35)
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Similarly, the forces in the plane of the southpoles become:

c A xS; ( - Cs(4d- sit, (24t) I(.6
F5V• = 2&AB -$5 n(4)+ C (2(: (A. 37)

For na3

* - c A (L 38)

F= 5 (A.39)

For use in the stability and response calculation,.these forces should be written

in a different form. Let the distance between the pole planes be L and let thep

rotor displacement in the center between the two planes be x and y. Furthermore,

let the rotor have the slopes e and where 2 is the axial

coordinate. Then the displacements in the pole planes become:

X, =x+2'LF. L
(A.40)

Xs5  x-IL,e ia5 m-•Lp,•

The forces and moments acting on the rotor become:

X NX 5X 11 $1(A.41)

T~r L I Lp ( F.-

Sibstitute eqs. (A.40) into eqs. (A.32) to (A.39) and combine them according to

eq. (A.41) to get:

F, =25 [29 + eLp sin(&0-f pL cos(?c-iJ0 .(A.43)

To n:2 [x L,.cos (24At)+ILp s •n(2(.t)+f2,el (..44)
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t

which can be written in matrix form:

t. Here:

C inch (A. 47)

02=2
Q01 -A (A. 48)

and Q and are 4 by 4 matrices:

For 0 o o1 0
2 Lr{- 0 0 0 1t, (A.49)

0 1 0 0
0 0 0 1t

_ 0 0 1 0 (A.50)q=25 AB Lp 1 0 0 b

1 0 0 0

In this form the results can be used directly in the stability and response

calculations. When there are more than four poles (i.e. h13 ) the forces are not

time dependent and, hence, a stability or response calculation of the type under

investigation does not apply. However, there will still be negative lateral

and moment stiffnesses which must be taken into account when performing the

more conventional rotor unbalance response calculation.

These apring coefficients are:

C inchI

-For- _61
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APPENDIX II:Magnetic Forces of a Heteropolar Inductor Generator Operating

with No Load

A cross-section of a heteropolar generator is shown schematically in Fig. 2.

It is a brushless generator with a field coil for each pole such that a pole

receives its flux from two field coils. Each pole has two faces which are

provided with teeth. The rotor likewise has teeth. Schematically, with 2 north

poles and 2 south poles the magnetic circuit can be showu as:

Figure 7: Schematic Diagram Showing the Magnetic
Circuit of a Heteropolar Generator

Here, 9i is the flux generated by field coil No. 1, (g is the flux generated

by field coil No. 2, and ao on. f, and ýz combine and make up the flux,

YN. passing through the first north pole, and this flux returns from the

rotor to the stator through the south poles as part of Ts, and T$Z

Similarly, q3 and ý4 combine to the flux ýW passing through the second

north pole, and so on.

The reluctances of the airgaps at the poles are QN, , N and

dsZ ° The mmf'sacross these airgaps are I, 3Z ,3,jZ and $ , respectively.
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Since the sum of all MI fte around any closed circuit has to equal zero, pig. 7
shows that:

~S 5 IZ-t~N (B.i)

f fOi vhwich:

J (B.2)
In general, the generator has U north poles and n south poles, in which case:

(B.3)

The flux across the pole airgaps then becomes:

(B.4)

The total flux,(? is given by:

Thus, from eq. (B.4):

Set:

A tnI 
(B.6)

Then: = -Ž " 'S,,

31N = ROV(.

(a 7)
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which by means of eq. (B.3) yields:

+ S) (B.8)

or:

To determine the reluctances, consider the airgaps at a pole:
Field 1-- Staer Rtli...F~|

coilci

Figure 8: Pole Airgaps At Time t-O

Let there be M. rotor teeth in total. Then a rotor tooth or a stator tooth

extends over an angle • Thus, if the angle r measured from the center-

line of the pole, is fixed in the stator, the position of the centers of the

stator teeth are:

211, t 7 zn., ,- (4j-1) . (B.10)

when there are 2n stator teeth per pole. Note:
s

hr = 2n (2".,+I) (.L))

Introduce an x-axis which passes between the last south pole (number n) and

the first north pole. Measured from this axis the centerline of the k'th

pole is located at:

n , (k-1) , , --- Z .1 )

Thus, the J'th stator tooth at the k'th pole is located an angle: -

from the x-axis. Assume the rotor to be eccentric such that the

center of the rotor is a distance CE from the stator center, and the angle ok

- 65 -



is the angle between the x-axis and the direction of eccentricity. Hence:

X = cc CoSd
(B.13)

S: CEsin,

where C is the radial clearance for the concentric rotor and C is the eccentricity

ratio. Thus, the airgap hk at the jtth stator tooth for the k'th pole becomes:

Next, let figure 8 apply to the time t-0. When the angular speed of the rotor

is Wii, the flux afea of a stator tooth becomes:

Ai =I AT (It cos (n,- t)) = 'ZAT0±:cos(vt)) (B.15)

Ekctrkcid freltencl : v= t1.C4 (B.16)

where the plus sign applies to the teeth where ij is positive, and the minus sign

where b is negative. AT is the actual area of a stator tooth.

From eqs. (B.14) and (B.15) the reluctance "kl of the airgap at the J'th stator

tooth of the k'th pole can be expressed as:

I- M = 10T(aICs (At) [1+ E Cos6-1(k-I)+ I +7, A) (B.17)I

since F<< I. Let the total reluctance for positive 1 be Lk and for negative

ben tv Then:

A

- C0+'O(iV 0 t))[" 5 +f COS (j(kI)?~(H~n~kI+r) (B. 18)
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where:

Co,. 7 (3.20)' *

J-I

H sit (4j-i I3.h)

The total reluctance, k of the airgaps at the k'th pole is then:

+ ý-[h,-f ~iCo5(1"(&-e)+2zIo() -ti-kOS(vt)s $inkO~t) (B.22)

The first north pole is at kzl , the second at k=3 , and the last at W'?h-I
Thus, substitution of eq. (B.22) into eq. (B.6) yields:

o~t1- ~~ A~Inns(B.23)

where the following relationships have been employed:

"S; ;n , :&-I,3,- -fth-I):, 0 (sq n•2

Z• 31,(g(k-,1) Z. s;n(k *) 0 (3.25)

and the case of n-i has been ignored as being of no interest. The first south

pole is at k=2, the second at k-4 and the last at k=2n. Then, from eq. (B.22)

and (B.6):

•'5 ~0 = M nS (B.26)

Therefore, I$ :ya OAnd eq. (B.9) yields:

(B.27)
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Raving established the af across the pole airgaps, the flux density Bk) at

the J'th stator tooth of the k'th pole becomes:

where:

ac (B.29)

Be Is the average flux density. The force acting on the stator tooth has an

x-component and a y-component which are determined by:

xF COS +}=• )r, Ui ' u• ((30(k-))- , (B.30)

where, from eq. (B.28):

Bk.::B f +? 2cCo.(( Ora-1)4 1.-o)

~ ~[C+ 2x cos (Mk-)4 -+'+j) 421 S;n(yn(k-I)-t+ ýj)j (B.31)

x and y are the rotor displacements from eq. (B.13). Substituting eq. (B.31) into

eq. (B.30) there will appear the following products:

CC:? ((k-1)~~ -+ -T I 11 ff 4 (()1 COSj

osP (k 0-1)• C '1i1s. •.-o,, (k.-1") 2h 2h (B.32)'•-., -.•..

Nnw. the total magnetic force components are given by:

S -. 33)
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The following relationships hold true:

f? 4r '1=
SCos (k-,)) =B (.34)S•'10 for Ma2

2 i Sin (•T(k-e) = 0 (B.35)

If these relationships are used together with the similar ones of eqs. (B.24)

and (B.25), substitution of eq. (B.31) into (B.30) and sumting according to

eq. (B.33) yields:

Art i A

F Q C (B.37)

It is seen that the forces are purely static and are not dependent on time. Thus,

the magnetic forces for a heteropolar generator with no load do not cause the

rotor to whirl. However, they do contribute a negative stiffness:

n5C (3.38)
C

which must be taken into accou-.: if the unbalance response of the rotor is

calculated or the hydrodynamic whirl instability is being checked. Of course,

if Qf exceeds the combined bearing stiffness, the rotor is statically

unstable.
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APPENDIX III:Magnetic Forces of a Two-Coil Lundell Generator

A two-coil Lundell generator is shown schematically in Figure 3. There are two

field coils in this generator, one on each side of the central plane which contains

the northpoles. The magnetic flux path goes from the northpoles of the rotor

(Fig. 3a) through the stator to the southpoles of the rotor (see Fig. 9), and

then through the cylindrical air gaps Sl and C3 (Fig. 3b), the stationary pieces

on which the field coils are wound, the conical airgaps g 2 and g4 and back to

the northpoles of the rotor. The magnetic circuit is shown diagrammatically

in Fig. 10. The reluctances of the airgaps g V 92, 93 and g4 are respectively

represented by 21 1 , jR 3  and 19 . Each field winding produces an m.m.f.

of 4,. tet there be n north poles and n south poles, and let(& and R be the

total reluctances of the airgaps of the north poles and the south poles, re-

spectively. From the magnetic circuit shown in Fig. 10 we have:

+ (C.0

fE (?t + Z) F, 7'V 04

(c.3)

ANN

Figure 9

Expanded view of outer

N surface of rotor.
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is.

Figure 10

Magnetic Circuit for a Two-Coil Lundell Generator
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Figure 11

Sectidh "R-R" of Fig. 3b

Figure 12

Section "C-C" of Fig. 3b
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olvilag the above three equations for h andp , we obtain:

(C.4)

1*3 + *4

+ (R $,(C.6)

To calculate the reluctance, i,, of the airgap g,, lot us consider the airgap as
Infinitely many reluctances connected in parallel. Thus, referring to Figure 11,

we have:

where:h -film thickness of airgap a,- C,• -+ Ei S(e-t,)J

Je=C (C.8)
9-Ce

L -axial length of airgap g,

a and C1 are the eccentricity and the mean film thickness of airgap gig

r is the mean radius of the cylindrical airgap

Substituting eq. (C.8) into (C.7) and neglecting terms of the order C,1

or:

IR- 1A L, 9 Ir (C.9)
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Similarly, the airgap 13 has the rsluctancm:-

rI
(C.lO)

and for the conical airgapi s2 and £4,

Ct

84 (C.12)

where T . arithmetic mean radius. In general, because of manufacturing

tolerances:

C,*C 3

(C.13)

cz c4

Let be the reluctance of the airgap at the k'th north pole:

Similarly,

k =1 iA COS(%', Gt 0()-,O (C.15)
where:

NQw: Lr (kl6

By the sam•e procedure: 4 -r .,a

S(C.16)

L f(S(O'+(O_,j - 75



From here on, we assum that the generator ha. at leat two pairs of poles.

Thus for a 2 :
-4• C i

%/AfAN (C. 19)

So far, we have obtained R,,j 42 and (4 (Eqs. (C.9) to (C.12), and fiv

ad R$s (Eq. (C.10)). Hence for a given field .a..f. .$ we can calculate ',,
and f from Eqs. (C.4) to (C.6). The magnetic flux through the individual north

and southpoles can be expressed by:

I"

(C.21)

Using eqs. (C.14) and (C.15), and for small L , we obtain:

It A Iuse~ots) (C.22)

IP ~ [I +E Cos (e5  cot -C)J h -k2 (C.23)

The x and y components of the magnetic force are:

Nx All 91 (' COS(GMIt at) Ah Z D+ (9*S2Vk+ 1-.() )COS(N.+44) (C.24)
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Usin4 the relationshlps:

I' CS60 rt nn2 ..

2 redl redued(C, 26)

0I 4or ftt

Io Sor OMN-3 .CC. 27)

eq. (C.24) is readily reduced to

A,, t ,j

AN h

Thus,

AN V2/C cos A(I+4cos(Zrot)) t ~ sfee-i7&tj 4 I 2

(C.28)

Am M COSAfoo-r ?!3

Similarly,

IAN (~~C osA ehi,t)JO4 stih(I-cos(?M~)l for- ',-I. foe ~5 A(C.29)

FS J)cTc~osd (I-cos(&at))-s~hA -sin"(?*OQ)1 (or 11. (C.30)

or h a3
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Thus, It is seen that for generators vith at least three pairs of poles, the

magnetic forces due to the north and south poles are time-Independent. For n 2,

the magnetic force. are functions of time as indicated by the above equation,, If

AM # AS. If, however, AN - A. and (n-2), the- the tim-dependent parts of' the

north and southpolea cancel with each other, and the resultant ( Fx + 4 and

E + F,~ are again time-independent.

If the displacements of the rotor canter are z and y, it is seen from Fig. 12 and so

on that:

=ecoS.hd= Cr Skc

Furthermore, introduce the flux densities:

N hA 5

h As

Then eqs. (C.28)to (C.31) can be written:

C AN4 8.osol)Isn 2) foo. n=2

fxf- h-3 (C.32)

Ful AvB (C.33)

~SI for "C.3
C,

C

I -2 (C.35)

n7Q for m--3

These results are identical to the results obtained for the homopolar generator

in Appendix I where it is shown how they are used in the stability and the

response calculations.
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Magnetic Forces at Cylindrical Alrgsap g.

The total magnetic flux through the airgap g, is • , (see Fig. 10)"'and the total

reluctance Is • ; they are reepectively given by eqs. (C.4) and (C.9). If we

use the concept of permeance which is the inverse of reluctance, then:

P r (C.36)

For a differential element rde , the permeance is:

&L, ede
P, E ( (C.37)

Let the flux passing throuigh rde be d . Then, from the magnetic circuit:

CJ

dP, P, sL,?lTr

or

Z1 cco•e (C.38)

Let B, be the flux density:

(C.39)

Thus, the x-component of the magnetic forces is:

F 'csaL, rdo 17 L, Itfl Cos (a - Cs do

L1 0r50frC X, (C.40)
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Siailarly, the y-component Is:

L,Zfr Z~rL,C, •j' (c41)

whlere
el CO SO I C, E , co $A'

(C.42)

18,' T- e, S i11'=,-- 10, Sia j,.

Magnetic Forces at Conical Airgap g2

The geometry of the conical airgap is shown in the diagram below.

4e

F -

Figure 13: Geometry of Conical Airgap

f•S z f. (C.43)

for a small element ( 9 de d ), the permeance is:

d j r, Cos0
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The subscript "2" is for airgap g2 " From the magnetic circuit, the flux through

the small element is

(C.45)

where 9z ?(f, (see Fig. 10)

and p-z (use sq. (C.11))

Thus Cd " . d° a Ii E2Co,(e-2)j

B2 Afi d1  (cs.6
off, f= "Ll ZLF ' Cz

32 = fk•x deosi; ty zde azhkof LzZ•tF [~zO(- J(.6

The corresponding x-component of the magnetic force becomes:

=& " Q ~8.-COse ?d94 "I. qos6 ) [Cl.o(9d)~seetnd

- LF) -cosdzfanS rzdz (C.47)

Bsk; f an6 ,zaz (t.n)t (z,+Z,)(z-z,) fan C() f(i2 z,)L 2 rosa' FiLkbS

i~e. =F COSS(Os~d3  (C.48
27TFLC, ( 8

Similarly,

- - Q~Coss
21 922r ;M (C..49)

where:

Cz =CZ ez sin z (C.50)

For gap "T' and gap W4', we have by the same procedure,
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F t  ELrr ElCOSIK3 C ZjrLC 3 X3  (C.31)

(C. 52)

F31- L •2"rr '%5i" '3., L, Q .rCS 13I ¢.2

F A4 FLC . • (c.53)

F Z ir COSS 44 Si~ni 4  C*3 14~ (.L,2 ig; ZVF L, C4

Thus, the forces Fl. to F147 can be represented by simple negative springs in

the rotor response and rotor stability calculations.
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APPENDIX IV: FIELD DUk TO ARMATURE REACTION OF A THREE-PPASE WINDING

In this appendix the magnetic field produced by the arIature redction will be

studied. Consider Fig. 14 whweethe poles of the rotor move to the right:

Sta'to r" W, th Cl..ftt

arPIl4brej t-S0.
react ;oA

tt tI I. .I -

-•. ... .. ... . I ___ _ __ _ __I_. _ __ ... .. ... .

.- -- - - -.. saes.dhd-------------

Figure 14: Armature Current Directions and Instantaneous mmf at t - 0

This figure shows the rotor-stator position, the armatu.re current directions and

the instantaneous armature mif at time t-0. The convention for current directions

are: D means "into the paper" and E means "out of the paper". To a-rive at

Figure D.1, assume that the airgaps at all the poles are the same. With 2n

poles (n north poles and n south poles), the pole spacing becomes h- whereby

the flux passing through the armature coils is:

for coil "a" Ta = C f eNcut (D.1)

for coil "b" w Cf e i("Ot- 0) (D.2)

o ci - i ( cot (D.3)
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p

where:.-

lt S..

and all tha S are complex numbers. The convention is that only the real

part applies. To illustrate, assume that the flux is generated solely by

the field coils. Then f is real (i.e. there is no phase shift between the

rotor notion and the flux) and eqs. (D.l)to (D.3) can be written as:

?, : ._q,(D.4,)

Under load will lag the rotor motion as discussed later in which case a

phase angle is introduced in eqs. (D.4).

Let each armature coil have NA turns. The the induced voltage is

rphCoNA (D.5)"-NAoft A

for Coot iebbN (D. 6).4ll

for .oi "Co ' Ce= hWhNA q)C'[ (D.7)

where the exponential etn~t has been left out for simplification. This will

also be done in the following but it must always be recalled that :properly

this factor belongs in the equations.

The correspondtng armature currents are:

- Swt -
ZA ZA
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and similarly for the other two coils, where ZA is the impedencs of the output

circuit. Setting t-O in the above equatious and using the right hand rule',*

the current directions in the armature conductors come out as shown in

Figure 14. The corresponding fmf of tha armature coils (the armature reaction) i
is found as:

and similarly for coils "b" and "c". Hence, at time t-O the armature mste

are distributed around the circumference of the stator as a function of the

angular coordinate e as shown in Figure 14. If they be represented by their

fundamental harmonics instead of the "rectangular waves" shown in-Figure 14,,

the mf's of the three phases become:

for 265aC q~ M 4 C0 (110) (D.10)

4N. , 0,f,-COS h &(D.12)IA
where the factor I derives fron taking the first harmonic of a rect&,gular

wave. Here the origin for the angle 0 is between two poles at t-0 as shown

in Figure 14.

To find the total armature smf, the mmf's of the three phases must be added:

A__ Ak 3,UJ n4e

[069 4 1z e) (D.13)

This represents a wave travelling synchronous with the rotor.

Let the load be balanced and let the effective value or meter value of the
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corrent per phAse be Thean from eq. (D.8):

Siff j. (D, .1.4) .

Similarly, let the effective value or voltmeter value of the line voltage per

phase be I A so that from eq. (D.5):

I e. ncokN
f " VT

Introduce the power factor angle 1V:

power Actor- a cos - g, VI (D.16)

which means:

4 j 4 .. s,,)(D.17)

The physical Interpretation of the power factor angle 1 can be obtained by

substituting eq, (D.17) into eq. (D.8):

L41 _C-V (D.18)
?A hZAl

or. in other words,V gives the phase angle by which the erwature carrant lags

the voltage.

Nett, introduce the power angle 6 by the equations:

COS46 Sn= = (D.19)

or:
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Hence, 4f gives the angle by which the flux lago the rotor rotation., it is
called the power angle since it is tbe angle the rotor mut pull ahead ef, the

resultant magnetic field to supply the required load. The angle can be measured

actually on the generator by means of a stroboscope. If the physica! angle

Is measured as , then:

J nJ QDl)

since the electrical frequency is n times greater than the mechanical rotational

frequency.

In order to understand the relationship between the armature mf and the airgap

flux f , it is useful to consider the phasor diagram of the alternator where

each of the above quantities are taken as vectirs rotating with the angular speed

(no ). Comparing eqs. (D.1) and (D.5) it is seen that the line voltage lags

the flux ? by 90 degrees. The total mmf, , required to produce this flux is,

of course, in phase with the flux. The armature reaction, ) A , is in phase

with the armature current (eq. (D.9)) which, as discusoed above, lags the

line voltage by the power factor angle '/:

AE

AA

Figure 15: Phasor Diagram
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Te total Mf is3 * the vector e of the field ad, . and the armature

reaction:

(D. 22)

Thus, to offset 7A and meet the required total mef, the field mef, • , must

lead the flux f . The lead angle is the power angle 6 as discussed above.

To espreso the armature reaction s, ubstitute eqs. (D.17) and (D.20) Into

eq. (D.13):

-N; e (D.23)

or by introducing the effective value of the armature current, rA . from

eq. (D.14):

-jr NA TA to~(~-)y-)(D.24)

In practice, windings are fractionally pitched and distributed to provide better

design (efficiency, wave form and winding configuration). This produces a

spatial phase angle between the conductors of a given coil (or winding) so

that the muf per phase is reduced slightly from the value it would have for a

concentrated, iull pitch winding. Hence, eq. (D.24) is modified to:

3A " "f " A' A CoS(?(Cut-e -ro, (D.25)

where

d, ;sfr;buff~on ýsictor (K,• )(D.26)

Kp peach fActor (KI? S 1) (D.27)
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for~ a. £0!Bcnentrated windin~r nd -may be taken asa a. ~

distributed winding. I(d for a fall -pitch winding and kpforý & 516
pitch winding.

the armature reaction can be decomposed into a de-magnetIutug c omponent In
line with the field mf, 4 , and a cross-iagnetizing component )Alaftins

If by 90 degrees. From eq. (D.25):

id. ~=L ' k 14k, N., TA co s (V4,) o s (P, t'.ot))(.9

or:

4~1 A COS (T'ti) 1(' 41(, NA 1. OS(' (D.31)

'3A 4 A ASaAft(1 )IV 6)7T kP VATAS5i" (Y+10 (D.32)

as reAdily seen from the phasor diagram in Figure D.2.

With these results, the circumferential distribution of mmf can be shown

schematically as (see also Figure 14):

Figure 16: Circumferential zf Distribution
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IM ýto al• fld a( La diat tiut•d eVnl Meg the POS such that tthe field

contributes • to eah pols airp (see Appmndis j). We field follows

the rotor in ito rotation. Thu., if Instead as to the foregoing where the arm-

sture reaction hao been expressed as a function of toe stationary coordinate a ,

It Is Instead, "sele" from the rotor, the angular coordinate , fixed In the

rotor becomes (see Figure 6 )16

~47 (D.33)

such that eqs. (D.29) and (D.30) yield:

3AI 14.4

whore and j are given by eqs. (D.31) and (D.32). It is seen

that the do-magnetizing component, an the name Implies, opposes the field
m except for the unlitkely case where (jt#4f•)4 0
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_PUIDII ,: Mainetic Forces of a Homopolar Generator -Modificatioup due to

Generator Load

In Appendix I the magnetic forces of a homopolar generator op*rating under no

load have been derived. In this appendix the effect of load vwil be Investigated.

In Appendix IV it is shown that the maf across the airgap at any pole Is made up

of three components: (1 is the -f of the single field coil), the

de-mugnetixing component 4AA and the cross-magnetizing component

where the latter two compon&nts make up the armature reaction (see Figure 16

Appendix IV). Thus, with the angular coordinate r fixed in the rotor

and measured from a pole centerline, the airgap amf at the north poles and at the

southpoles can be written:

3? - S (o1.1)SA (

where:

-(k 'VTA (3.2)6

•~ ~ ~ ~V 1- co--s.O-? , •;,S) (9.3)

(see eqs. (D.31) and (D.32), and eqs. (D.34) and (D.35)1.

Consider first the north poles. There are n northpoles and the airgap it the

k'th pole becomes:

where Wo is the angular speed, C the radi±l clearance, A is the attitude angle

and E is the eccentricity ratio. The equation is derived in Appendix I,

eq. (A.11), the only difference being the inclusion of the angle ' to take

into account the variation in airgap along the pole face. The rotor displacement
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in the plane of the northpole &reat

X NCQ( 0.,4
(9.3)

The flux density is gIven by:

where:

represents the average flux density if there in no generator load (see eq. (A.31),

Appendix I).

When the pole leugth is I , the radius of the pole face-- is r, and the pole extends

over an angler , the radial force pulling on the rotor at the k'th pole becomes:

r~dg~al force =k Qrd(18

where Q is a numerical conversion factor. The corresponding x and y components

of the force are;

(F&;, - ,'' +, ++g+>+

Since the eccentricity ratio , k czn be found from eqs. (E.6) and

(E.5). as:

B2 ) (0615 1sn"]- (E.10)
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where: . . -

[- 14 CARP~-( sw lim M S* ( e()-Zs(a4(4'cd 1 4 si'Z (U)

For simp&lXf5c.LUU, UUti

Then, by substittition of eq. (E.10) into eq. (1.9):

The total forces acting on the rotor in the plane of the north poles are:

ks-t

As shown in Appendix I:

I'- II, (1.14)~Cos (k Ln) sin ~V 0kEs o(.4

Cos k fo hz?(E.15)
k~ (0 for ~'3

Hence:

f Cos r- , Sin 0 (1.16)

~CO J~ (Z~ot) for h=2
For ,'j (E.17)

90 for
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Therefore, for n-2 eq. (9.12) may be summid to give:

"~e sf2W2bjsIPnsrJI (1.19)

Substituting from eq. (E.ll), the following intograls can be evaluated:

"(+,

.4[-~isnz ~~~d:i p ~s~?) ~( inz-~~ (E. 22)

In total, eq. (E.19) then becomes:

for n-2

=:2i .gr+~ ,(&t)+ T, +;(4~h (0 (05(?C1)t)+ IsT)LA l (E. 23)

?p" 2& -L [ (-T,(a 0,U) + I+Ise S;h V))XN(,- is (24)t) -it 1,n (zt))L1 y (E.24)

for n-3
FMV = h• Io×. (E.25)

1F -BN (E.26)
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In the case where the angular ezsenuod P of the pole Is sufficiently small that

0iv1A 2P and Sirt4hj)_nj3 eqs. (1.20) to (1.22) reduce to:

(1.,27)

whereby eqs. (9.23) to (E.26) become:

for n-2

FM(C 1t .2C)

for i3

F 5 ýA 0-(3.30)

(1.31)

where A ir- is the pole area. These equations are the same a. for the no-

load case investigated in Appendix I except for the factor (I-i . in

Appendix I is also given the information on preparing the corresponding input for

the rotor stability and the rotor response programs.

Comparing eqs. (E.28) to (E.31) with eqs. (A.32) to (A.35) in Appendix I, it is

seen that the armature reaction reduces the magnetic forces but has no other effect.
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APPlDIX VI: Magnetic Forces of a Hateropolar Inductor Generator - Modifications

Due to Oeneracor Load

In Appendix II,the magnetic forces of & heteropolar generator have been derived

for the case of no load on the generator. In the case where the generator is

loaded, there will be an armature reaction in form of a reverse flux set up

by the current in the armature coils. This reverse flux modifies the flux due

to the field coils and, hence, modifies the magnetic forces.

The generator is shown schematically in Fig. 2. Consider first the k'th poue of

the generator:

'% Ur J N- t_.

Figure 17: Windings of the k'th Pole of the Generator

The coil has two windings per pole as shown. The flux generated by the field

coils passes the pole through the two windings such that the flux through one

winding Is and the other winding p . If there are ar rotor teeth in total,

then the two flux components become:

FI~Ur

4 -k [ (I O cosMt)l (P.1)

4 ICos (Vt) (F.2)

V• fl'Cij (F.3)
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*Tbue, the electric 'frequency .1 the single phase output voltage is" V~i, ~J~r

Let the generator be connected to an output circuit with Impedance ZA '......

Vith a north pole. and n south poles the circuit diagrsm Is then:

The currant produced in the circuit is iA which is determined from:

"- !A + N-0, (1.4)

where N. is the number of turns of one winding of an armature coil.

The reluctances of the airgaps at the k'th pole are and 4J& respectively.

They are given by (ae" Appendix II):

ICo's (Yt))P + (4k1, it)) (F.6)

where:

zC (F.7)

Gk ~ ~ (, ~~) o(ii~ (P.8)

where AT is the area of a stator tooth, /A is the permeability of air, C i8 the

radial airgap, n is the number of north poles (- number of south poles),
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t os the eccentricity iatto of the rotor with respect to the stateread an

Is the corresponding attitude angle. tartheureor, there are 2.N -stator icath

When the mf across the airgap is f, the flux for the two sections of the k'th .4
pole becomes:

f~IIm,&I( (I+cG$(vt))[P+E(kI f)J(10

whereby:

'" dt- ,.)

The following identities :-old true:

IZCos(fllk) 0 (.3
k=, (F. 13)

j from which follows:

SIi .e. :

The •f across a winding of an armature coil is NAiA which can be found from

eq. (F.4) by substitution from eq. (F.15):

NA(At-P (fOS( (F.16)A X4
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Since this mf is independent of rotor eccentricity, the rf ameoss a1l pale.

will be the sme and equal to per pole where . I the uf ofa fi.aw coil

(see Appendix JI). Thus, the fm across the k'th pole can be expreseed ain ter

of its componeats:

pigure 18
The Magnetic Circuit , I
for the k'th pole

~i

Consider next the k'th field coil, located between the (k-l)'lth and the k'th

pole. The coil has Nf turns with a flux A pass.'ng through it. The field

coil circuit has an impressed d.c. voltage Ef, an impedance Z and a

current if. Hence, the equation for the field coil is:

It t I (F.18)

from which the mmf of the field coil becomes:

Nf j; = j Ef(F.19)

where R, is the resistance of the field coil circuit.

The total flux through the k'th pole is ( jk "t f$k ). Since the flux

Yk from each field coil passes through two poles, a summation over all field

coils and all poles yields:

22

Hence, sumning eq. (F.19) from k=l to k-2n, the result becomes:

2?1 6 W ( .21)
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Aor

~4n 1.22)

Substitute for and from eqs. (1.10) and (1.11)s

? mk4vk use0of eq. (Y.14):

f (& + (7.23)

whereby eq. (1.22) becoma:

P ?4 at(1.24)

Squatse aoqs (1,17) and (7.24) to let:

2U,~ f O V)(.3

*which to a first orderl ordinary differential isquation, In the variable f. IfA

47 ndB are pure resistanzes, this equation has a closed form solution which,
*however, Is not to convenient for the present purposes anyway. n&'stead, f shall

Sbe mproesed as a Fourier seriest

whereB (f; P+ Z,( Co~s (mw' finsy)1 (14(.26)

Honces t

(1.28)
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Set:

Cos(M S-- 6 (7.29)

whore:

f,-+a (7.30)

and it is understood that only the real part applies. Hence:

1+1so

Next, consider the impedances ZA ani 2,

4 - RA +(m vLA -~ Y46

Zi, R, + -Y,,vL- !-) (F.34)

where R is electrical resistance, C Is capacitance and L is inductance (L does

not include the field coils or the armature coils). Actually, the circuits may

have more than one resonance but they can still be represented by frequency

dependent impedances. Thus:

-LIZivf.eimy(F.35)

Substituting eqs. (F.31), (P.35) and (F.36) into eq. (F.25) and collecting

termA according to powers of e , an infinite set of simultaneous equations

are obtained:
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I N• -R E f ( F 37)
2 *. c .; (7 ,38

1% -i [4pvY. PNI'1 M-j4 , PN~jf,-4S4Y-p1PtIP .2.#= 01.38)~

Def:ine:

-c '~+ Z evY 9  (7. 40)

s -Lf/and becomes(seq*

(F.33) and (F.34)), i.e.:
•,, ' + PL$•

,•4 4,PNA (F.42)

LA
Substituting eqs. (F.40) and (F.41) into eq. (F.39):

Ph•-, ,. + ý(ft-' , €,, - (7.43)

Assume, that eq. (F.42) reduces to identities for all nVk • aid add all the

corresponding eqs. (F.43) for m to get:

(W., - 2A.) ft f,~ 6V" -i)f- (F.44)

from which it is concluded, that since the sum Z , which contains infinite

many terms, has a finite value, each term I must be small. This is, of

course, an inadequate proof from a mathematical point of view but is is

sufficient from a physical point of view. Thus, all higher hermonics of f may be

ignored but before solving for f, the magnetic forces acting on the rotor will
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be derived.

The magnetic forces are Px and IYy They have been determined in Appendix II
for the case of no load where the maf across the airgaps at the pole is equal

.*In the present came of a loaded' enerator this oaf is equal
to f. Thus, substituting f for i 3, in eqs. (B.36) and (B.37) of Appendix

lithe magnetic forces become:

F id.SJ& (F (45)K f C (1.46)

The flux density B in the case of the unloaded generator is:

0 C zCRf (.47)

whereby eqs. (F.45) and (F.46) can be written:

FC. (1.48)

Here, f is given by eq. (P.26):

C05 Go)-f.SA40(.0

from which:
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MakLn use of the trigonometric identities:

"(7.32)
C", t'•,V) CostI) (A Ss,' ()"y,.,,,,-I)y

s;,(mp)s;•(tp): r[os(0..) - ¢ (i,,+ O)v I

eq. (F.51) can also be written:

- (,, W0,4 40us - COS(-^)1 O f , ( i•(,•I -i P- (h, [5,,,.,,, s..(,, ,-V]j (F. 53)

Collect terms sin cos(o? ) and sin(jf ) to get:

(U) ++ f5, ) + [2,f, + 0% f,•, .. I,., 4

f 2"t f pf f,"j + *C

fsiý+ (((ef"j-F fs )c,4tZ(C I fs - 4 (C e)jX/ I~ ) (F. 54)
Substitution of this equation into eqs. (F.48) and (F.49) results in the final

expressions for the magnetic forces.

Returning to the solution of eqs. (F.38) and (F.39), they define an infinite

set of simultaneous equations

I -XI o o0 0- 0

00--- (F.55)

3 3 0 (3~4A 0
* " I ' I I I I I

II I I I II I I I I I
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A, . - ,.

where Of, and are complex numbers defined by eqs. (7.40) and (7.4;1).

For M&Z these equations are of the form given by eq. (F.43). Define

by the equation:

and substitute into eq. (F.43) to get:

Comparing this equation with eq. (F.56) yields:

F(.57)

Assume that all f for Mi >M.are so small that they can be ignored, i.e.

" -h" . Then, from eq. (F.56):

With this as a starting condition, repeated use of eq. (F.57), starting with

v-H makes it possible to calculate d*-e d2- dido From the first

equation of eq. (55):

f,• • , = 2A,

one obtains:

--do (F.58)

after which eq. (F.56 can be used to obtain the results for the other f-valaes:

2- 0 --- 2 ' . -- . z . .... -.
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In the case where only the tvo first harmonice are important, the solution of

eq. (55) can be found directly as:

(- i - , (7. 60)

2 + .61)

The same result can, of course, also be obtained by using the outlined

general method. Here, s3-' . 0 , so that M-2 and

Then, from eq. (F.57):

e",= A)

i.e.:

which agrees with eqs. (F.60) and (F.61).

Hence, by truncating the equations at m-2, the result becomes:

f
~ J (eCOS(v) -fSin4,t)) +* ( FC2 cOS(2?vt) f 2S-Sin (&Wt

From eq. (F. 54) with 3 cs- s40

-1"()s-,It) -1c2 -f 2 s nh (F.62)
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which than can be substicuted into eq*. (F.48) and (1.49)"to obtain the

magnetic forces. . .

The response and stability computer programs consider only one frequeUCy com-

ponent of the magnetic forces. Let this be the first harmonic so that the mag-

netic force frequency R is:

f•v -= hrCJ (F.63)

++ i.e.

=h (F.64)

Writing the magnetic forces in the form given by eq. (A.46), Appendix I, it is

found that:

Q0 Q' C F.65
S(F.66)

1 0 0 0

(2fcBfo f{~ fo 0 0 (.7
C1-- 51 Sz++f-,, 0 0 0 00 0 0 0-?.

0 1 0 0
(2s-jf-S fC) 0 (F.68)

which shows how to prcpare the input for the two programs.
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APPRNDIX VII:Unt and Dimenuions

The electric and magnetic units are summarized in this #ection.

Mafmnecomotive Force

'- Ni amp-turn.

with I - electric current, amp (G.1)
N - number of turns

REeluctance

h - length In the direction of flux, mter
A - croes-eectlonal area, sq. meter (G.2)

,t w permeability 4 •, )0.7 for air

Flux

- "- Weber - " .0o lines 1
with i, in amp - turns (G.3)
and from eq. (0.2)

Induced Volta•e

- -N volt K
with f in Weber
N is the number of turns
t - time, seconds

F- QBA lb.

with '/-772,130,000 
(G. 5)B In lines/in2

A In In2  109

.~ ~ .

i-



APPENDIX V111-The Impedance of an Arbitrary, Elastic Rotor Supported in Flexible,

Damped Bearin~s

In determining the stability threshold and the amplitude of a rotor with

timavarying magnetic forces it is necessary to calculate the response of the

rotor to high frequency excitation. In the more common case of a rotor response

to mechanical unbalance it is customary to neglect the contribution frost shear

force, but at high frequencies this contribution becomes important and must be

included. Thus, the previous analysis siven in Volume 5 will be extended to

include the effect of shear force and, in addition, tho new analysis will take

into account the actual mass distribution along the rotor.

Referring to Figure 4, let the rotor be subdivided into sections such that each

shaft section has uniform diameter and uniform material properties. The end-

points of the sections are called rotor stations. Stations are introduced vot

only where the shaft diameter changes, but also where there are concentrated

masses like wheels, impellers or sleeves, where there are bearings, where there

are magnetic forces and at the endpoints of the rotor. Hence, the arbitrary

rotor station n can be assigned a mass m., a polar and a transverse mass moment

of inertia, IFP and ITn , 8 bearing coefficients; k k" I Bun IY" I B*wa

and , and magnetic forces (some or all of these quantities

may be zero at any perticular station). This results in an abrupt change in both

the bending moment M and in the shear force V across a rotor station.

Introduce a cartesian coordinate system with the T-axis along the rotor, Zhe

x-axis vertical downwards and the Y-axis horizontal. At each point along the

rotor the origin of the coordinate system coincides with the steady-state position

of the rotor axis. The rotor amplitudes, caused by the applied dynamic forces,

are therefore x and y. They are functions of z. Consider rotor station n:

, O vj,'.

Figure 19: Force Diagram for Rotor Station n
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where S Ia the elope of the bent rotor 'in the y-plane the slope Is f ),

i s1 tie z-component of the externally applied force and T ie " the X-,

component of the exterually applied moment. A force balance yields:

A moment balance yields:

Int,, + C'IP,, At MXh M,- + Qo',+r,, (H.3)

where W is the angular speed of the rotor, and and Q. are the static

gradients of the magnetic force and the magnetic moment.

Assume next that the motion takes pl-ace with a given frequency V such that:

X, =Xc'CoS(Yt)-S.sin (vt) = (ej (1.÷ix') .5)

and similarly for qj% Ie, jM r17' 1 •n, VI-, Fel~j, 7 44 T.. Hence,

eqs. (H.1) to (H.4) can be written:

V~,+ ~~i9 ~ + r. -I(I, O +Fc (H. 6)

S• • •/s(H. 7)

S(+ j,, + q 5, + §c, (H.8)
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NCI~ ~ ~ ~ ~ + ''05 -W T 0.4, TC

M, .;5-t Gd ) f (T)(.H j,. N. (1.13)

This can also be written in a more compact form by expressing all the quantities

in the same way as in eq. (H.5) and with the convention that only the real

part applies:
tI

Tly:4V - [(i 1 ~ k. +i I x + (Z. ,,c -~ i-1,., +Fj (H. 16)

Having established the change in shear force and bending moment across a

rotor station(eqs.(H.6) to (H.13) or eqs. (H.14) to (H.17)), the shaft sections

connecting the rotor stations will be considered. The governing equations

are (ref. 1):

shaft deflection: -X (H.19)
;-AG

shaft bending" (P.20)

force balance yA d'X VIC(

moment balance ( (9F.22)
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i• •where z is the amplitude, ist the rotation angle, M is the banding moment, ..
tV Is tho shear force., Ai the cross-sectiona are,. I is' the tranverse momen

~o I •:nertia of cross-section, ? is the moo density, 9Is L Youngs modul~us, C

is the shear modulus and at is a shape factor for shear ( 42'0.75 fr

circular cross-section). Analogour equations hold for the y-direction. It

should be noted that rotary inertia and gyroscopic soments have been ignored in

the last equation above because these contributions are rather small and cau be

accounted for at the rotor stations.

These equations can be combined. Substitute for V from eq. (H.22) into eq.

(H.19) and differentiate with respect to z:

So -d d#L• ) (H.23)

Substitute for trom eq. (H.20) and differentiate twice with respect to t:

S El •t' AAG oz~t (H.24)

Next, differentiate eq. (H.22) vith respect to z and substitute into eq. (H.21):

A 'ex (H.25)

dz")}t' __A __ (H.26)

By equating the two expressions for j t , the final equation becomes:

Let the motion be harmonic with frequency V , i.s. t. Furthermore,

define: 2

ý4= 2ý/k(11.28)

UC,( (H.29)
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Thereby eq. (1.27) can be vrittae:

Z4 + 4 PI (1.30)7

The characteristic equatiou is:

54+ z(H1.31)s- o

with the roots:

C-4 + ~ [-, (Jp) I up(r

Set:

P'yJ~J~ 3)4 ;(~~j(H.32)pa/

whereby the four roots become:

and the final solution can be written:

. 1•1, =C, C.hi(QZ) + CZ,5Mh([3,z) +C 3 cos(/A2z)+C4 ((3 2 z) (H.33)

The three other variables become:

-Lam. , (H,_. 34)

z)- --I -0'( . 5
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-7- -i, s.Jitz) + cos + Z) (11.z) c (3.36)

For the Shaft section of length 4 between rotor stations a and (n+l), the end
Conditions are:

Set:

Then the four constants C, C2 , C3 , and C4 are determined from the equations:

P

,,,I

or:
L

C 4I=.T% A+ MI1
IA.tIV, )(ft Et ~kh] (H.38)

C3 +e~ z~ (H.40)

C4 PIZ e- + ELI V). 1 (H.41)

Substituting for C1 to C4 into eqs. (H.33) to (H.36) and setting z-1. yields:

X": pIL {[Cos hA.+P;Coax~.+ [p ~A~~1~+ [(A I,- "OS)z ErM 0 (H. 42)

+ 
I] J
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These equations can be written:

X11, -z a,, x,, + 4, e, + a,, 4 ,,, + a'7, ',,

60, 430 C 171.O + 46h'M, 4 a4.Va,.(.4
IX,-# - IRA 4. I ,,' ll ,,, lot, + , W a

Because:

M2

the 10 coefficients a, to al 0  become:

,z- HI .47)

- I ~ zr~A.Rz.Aa1(H1.48)

I n

+ o~.o~JT (H.5 0)

2

P."+ isnAzl (H1.51)

p'(g.+j5~)I / nhe3-5, J i (1..52)
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4 v'A4 (R.54)

S- v'A E 14. (H.55)

41lo,: El" 4S4 (H. 56)

These 10 coefficients are different for each shaft section since A, I and t

vary between sections.

In the limit, AS X1 and A. become very small, the following relationships hold:

,~A I"- 1 41I+ pl.
CoshAl ~ b-.+ 1 ~ h( 7

Co 4 I (H.57)S~~hhJ, P,11"_ [I. L ,•41

-~~~~~ 1~y 4 qej 4 4~O

Hence, in the limit:

From eq. (H:.57) it i.s seen that these limits are exact when:

Ap44~Id ~ ~ f3f 0.?? (.54

assuming that the computer works with 8 significant figures. Under these limit

Sconditions and if I is not too small, eqs. (H.46) reduce to:

tI 43 1__r.58

f~,.J ~A Xh ~VA o, + lh1.. . VAV

-6118 -Fro eq (H57 it is see tha ths liit ar exc when:



which are the same expres -L as would be obtained if the shaft was considered

nameless and the actur- shaft mass lumped at the endpoints as done in Volume 5.

It is seen that there is no coupling between the x-direction and the y-direction,

nor between the cosine and sine-components in eqs. (H.46). Hence, eqo. (H.46

are valid also if the variables are subscripted with c or a, or for the analogous

y-components. In this way, eqs. (H.14) to (H.17) together with eqs. (H.46) estab-

lish recurrence relationships by which the amplitude, etc. can be calculated step

by step, starting from one end of the rotor. Let the rotor end at Station 1 be

free, i.e. Mxi•N= VV,-O . First, set x1 -l and ylUa, 0! .. O, and use the

recurrence formulas to calculate the bending moment and shear force at the

last station, station m. Denote the values as: l;l=,24, ,r.i.;-allv ,=a,-1":a4 ,
(the a's are complex). Next, set y1 - 1 and x-,-q•a,-- , and calculate M# -4tt-I

V;t,=4nV• -Z442. Repeat the calculations with Qzf and j,': , respectively.

Finally, perform four additional calculations with XC ,:q= 1 O, the first

with Ri z'I , -- 0 the second with F -- F. =Tj,1:O , and so on

where the forces and moments are applied at that rotor station wlere the magnetic

forces act. Assuming the rotor end at station m to be free, we have
•=O, 4.e.:

v11. Iv atz ""3 4Z4 $ I" "2 "Iy 17210 (H. 61)Y) GoI I 43S
Vuhf-4, 431 433al 434 4I 35 4J4 437 4

V~n 194 ~441443 4441 f, 445-474647Or:

oA X,= BF 
(H.62)

where:

Fz F- , (H.63)
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and A and B are matrices defined through the above equations. They are complex

such that:

(R.64)B' B,÷i85

and similarly for X, and F. To solve eq. (H.62) for X,vrite it out into its real

and Imaginary parts:

(H.65)

As ,-- Ac X15= (8'05

Solve the equations to get:

X,, [A;'AC,+ A'Aj [A,;'(6 F), + Ac- (B.1 a
XIS A-Ac +k Ar'[- (O~c 8F~s(H.66)

Define:

A` [A 5'A ,+ A-' AsI-'[A-'- I A-'] (H. 6"')

whereby the solution of eq. (H.62) becomes:

X1 = A"-' F (H.68)

Let the magnetic forces act at a station with amplitudes:

X (H.69)

In performing the rotor calculations described above, X is expresced by a matrix

equation similar to eq. (HM61):

X=CX', + DF (H.70)
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- .--rr. - .• ¸ ',.

Substituting for X. from . -

X- [CA'B + D] F -' F (.71)

where rv [CA"B4D] is a complex matrix with 4 rows and 4 columns.

Solve this equation to get:

F, EX(H.72)

where E is obtained as the inverse of E by the same method used to invert A

(see eq. (H.67)). Here:

and so on. The E- matrix expresses the impedance of the rotor for the chosen

frequency V at that rotor station where the magnetic forces and moments are

applied. It is used in the rotor stability calculation and the rotor response cal-

culation as discussed in Appendices IX and X.
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APPENDIX IX: Calculation of the Threshold of Instability for a Rotor with

Magnetic Forces

In Appendix VIII it is shown Lhat the rotor can be represented by an impedance matrix

E at the point where the magnetic forces and moments are applied. This matrix

depends on the vibratory frequency V and relates the rotor amplitudes and slopes

to the imposed forces (see eq. (H.72), Appendix VI!1)The magnetic forces Fx

and F and moments, T and T on the other hand, also depend on the rotor ampli-
y x y

tudes x and y and slopes e and • , and can be written:

U Qf QXQ.• QI- % ,0.0 ( II- . iI qY. q4, 5;hM 0'(.1)

where D radians/secis the frequency of the magnetic forces, and the Q's and q's

are the gradients of the magnetic forces and moments. In most cases, several of

the gradients are zero and there also exist certain symmetry relationships between

Sthe gradients. However, all the terms will be kept in the analysis to make it

general.

Combining eqs. (J.l) and eq. (H.72), Appendix VIII, a matrix equation is obtained

with the rotor amplitudes x and y an' t1 e rotor slopes O and as the unknowns.

To solve the equation it iR rec•.•y to expand x, y, E and in Fourier series as:

X= 37x,ý os~kq. A 5,',,(k y') I(j.2)
10 0 (P1)- (1r]03

kao

and similarly for 0 and where:
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Thu,, for a given I the frequency is:

and the elements cf the impedance matrix E (i.e. the it's and P's of eq. (H.72),

Appendix VLj±are evaluated at these frequencies such that there wiii be and E-matrix

for each value of k:

Next, def. .: .

x4'j+ 0. 7)

where:

ZLI- XXk)

/X ,,/ esj (J. 8)

Also, set:

With these definitions, eqs. (H.72) and (J.1) can be combined to yield:

Lj EkX. .(o"(k+j.trn1K.'?I -- [O&dý) -qsin(L') (oIk'/)-5;-iýfl ,j (J.11)
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or in xpax-4 f ,r':

-I ~Xc. X '(cQs(k#.)t+-s;5-z --I X×, [,.s•h?)•-cs -z l-'1

By collecting terms in cos(0V) and sin(ky ), two sets of equations are obtained,

one iet for k even ( k'0,2,4- - ) and one set for k odd (kzl,3,, ---

Consider first tne case of k even. When k " 4 , eq. (J.12) yields for any k:

k even. k a 4

E v L.q+QXrSE• X~~CkCal - Sir ,+ I O XCA.- I jX5',., + l OXq•,÷ k •.. zo:
SI~z~k~(.,'.13) _•

EXc + kX t c +Eck )(Q5. + -,. ,,., -

which can be written: -

.( i $,)(XCk , iXM) + ( , +iX,) 14)(-uq)•, ,.):o (3.1)-

or:

-:: G Xk., + E,, XI, H, X,,, ( 0 .l 15

where: 4e

G (O~iq) H:((O-'q) (J.16)

Define the matrix Sk by:
V -C

, . - "'- (J.17)

Substitute into eq. (J.15) to get:

X.+ [ -Ekk2S. ]Xo 0(.18)

a1: ~-Ek + N k -'6Xk..Z (3.19)
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By coporing eqs. (J.19) ane (J.17):

• ~[Ek Hs" S.k

For k-2, eq. (0.12) yields:

2 Xca + E -)( H X,- (0.21)

since X*O 0 Hence:

x [ --[ -,H5s, 1 2 Xco (J.22)
I'•

Thus, eq. (3.17) is valid diso for k-2 if it is defined that:

J_ rl 2 G~t r "( 3 .2 3 )

Turning last to the case of k-0, eq. (J.12) yields:

EC, O, i Q X,, ,1 q ,k52  (0.24)

or by introducing eq. (J.22):

[-c0 X{Q (J.25)

where:

SC0 + i SS So = (J.26)

The coefficient matrix on the left hand side of eq. (J.25) is a 4 by 4 real matrix.

In order for a non-trivial solution of to exist it is necessary that the

determinant is zero, and in that case the rotor is unstable.

Turning next to the case of k odd and taking kc3 , eq. (J.12) yields for a given

value of k, equations identical to eq. (0.15). Hence eqs. (J.17) to (J.20) are
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also valij for k13 Hovever, for kal el fi.1) gives:

(E .0)xrt Es - I kit +'xC +f =0
(J.27)

By substitution from eq. (J.17), eq. (3.27) becomes:

[E + H5,J 1 ,+ -LQXcl+1  X, + q c1  OX~1

Equating real and imaginary parts, this equation yields an 8 by 8 real matrii.

whose determinant must vanish at the threshold of instability of the rotor.

In order to evaluate the two determinants, the one for even values of k from

eq. (3.25) and the one for odd values of k from eq. (J.28), it is necessary

to calculate So and S This is done by using the recurrence relationship of

eq. (3.20) where Sk_2 can be found when Sk is known (for k-2, use eq. (J.23)).

Now, the elements of the impedtance matrix Ek are of the order k2 (except .iz

is close to a resonant frequency of the system). Thus, for sufficiently
-2

high values of k, S will be of the order k such that it is possible to ignore

all S,-matrices for k 2tp where p is selected on the basis of the desired accuracy

of the calculations. With Sp=S -0, eq. (3.20) yields:p-~I

5_, = - -, (J.29)

5P-2 7 - ?;

after which eq. (J.20) and eq. (J.23) can be employed to calculate Skr.3I 0O

keeping the S-matrices for even values of k separate frcm the S-matrices for odd

values of k. Once S and S] have been obtained the two determinants can be
0

calculated.

To perform a complete stability analysis of a rotor, the rotor dimensions, the

rotor speed and the bearing coefficients must be specified. It is then possible

tn -Alculate the impedance matrices of the rotor (the Ek- matrices), by the method

explained In Appendix VIT Next, to determine if the rotor is stable or unstable,
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aspume the -agnetic force gradients (i.e. the Q's and q's of eq. (J.l)) to be

variable but such that their mutual ratio is kept conatant and equal to their speci-

fied value. In other words, introduce a reference value, Q.t , (for iw tance,

Grer !Qum ) and let Ore( be the single variable but such that when Gir
varies, the ratios , , •J/Q,. , and so on remain fixed. Then ietrrease

Qre; in steps, starting with O and calculate the corresponding values of the

two determinants as discussed above. In this way the determinants are obtainee as

functions of Ore( . If neither of the determinants become zero between Q,;"
end that value of Qr,; where the Q's and q's assume their specified valuee, the rotor

is stable, otherwise unstable. It should be noted that this assumes the rotor to

be stable at QefLO , i.e, when there are no magnetic forces. Even if the two

determinants are not zero for Qr,4 O, the rotor may still be unstable with hydrodynamic

whirl instability induced by the fluid film forces in the bearings. This latter

form of instability cannot be analyzed by the present we'..hod but must be checked

by the methods given in Volume 5.
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APPENDIX X: Calculation ot the Amplitude Response of a Rotor with Magnetic Forco-S

When there is a built-in eccentricity between the rotor center and the magrnetic

axis of the generator stator, the magnetic forces will force the rotor to whirl.

L~t this built-in eccentricity be described by (X, j 9• G" ) where XV

and L0 give the coordinates of the rotor center with resrect to the stator

center and 0. and f. give the angles between the rotor axis and the stator

axis. These values include the contributions from L e static components of

the magnetic forces. Then the magnetic forces F and F and the magnetic moments
x y

T and T can be expressed in terms of the rctor amplitudes x and y, the rotorx y
slopes e and f , and X0, p ,So and To;

~1~J j(K.1)
T7. I I•

where Q and q are matrices defined Jy eqs. (J.9) and (J.10), Appendix IX. These

forces and moments act on the rotor where they produce the amplitudes x and y

and the slopes 6 and (f which are related to the forces through the impedance

matrix E as given by eq. (H.72), Appendix VIII.Thus.by combining eq. (H.72) and

eq. (K.1) a matrix equation is obtained with x, y,4 and as the ui knowns. To

solve this equation, expand x, y, e and in Fourier series:

and similarly for y, 9 and where:

Pf. t(K.3)

Thus, for a -f - k the frequency is:

V= kn(K.4)

It should be noted that this differs from the stability analyses where N-• 4t

and V k 2 In the response calculation only multiples of the magnetic force

frequency are consider(d or, in terms of the stability analysis, only the case of
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"k even" is coasidered.

for each k-value a rotor impedance matrix Ek can be computed as shown in Appendix VIII

Ek~~• -.. t :S

Define:

=ý eo = C (K. 6) ..

where: fXck x.• S,

XA /GSk (K.7)

tn, k•,

Then combine eqs. (H.72) and (K.1) to get:

-EkX Uo5(k)r.ti5i,,(J,) =- [os(f)-',*,( )[ + 'X 1"oA )+,sih(,y), ] (K. 8)

which can be expanded into the form:

S[(ix, Xt- EskYSIjbs(Iý) - ( EsjXC,+ ~

-- • • .: XC j;b(kttITV'-<iD[(kI)'J -- -. •IN 5;n(kio' l•+s'.{(-I)1r1 (K. 9)

Collecting terms in cos( ke ) and sine( kt ), this equation gives rise to an

infinite number of simultaneous equations. For i-e2 and for any arbitrary value

of k, the equations become:

Eck)(1 -CA)(j, )ck - - X0
(K.10)

, Y,•,-k-- + X-5•j, -" Xo,, 1 +31
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or in Co"Plex notation:

SG~~Xk., -ý'Ek) Yl W-Xj, )(ho I•z

where the G and H matrices are defined by eq. (J.1.6), Appendix IX. For k-l,
the right hand side is not zero. The equations become:

GO (K.3

or in complex notation:

since XS- 0.

Finally, for k-O eq. (K.9) yields:

EC" CO +I QXCI , 0(K.14

Now, define a matrix Sk by:

ý-2t2 XS :: S., Xk., (K.15

and substitute into eq. (K.11) to get:

or:

Xi' [Ek W 5 HS 'GXk - (K.16)
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Hence,

::•"- k., =- [ Ek- U5,]-'G (K. 1.7)~k-i

2
As previously d1sc-nssed, Ek is of the order k which means that for sufficiently

-2
large values cf k, Sk is of the order k'2. Hence, for k-p where the choice of

p depends on the desired accuracy of the calculation, Sk may be set equal to zero,

i.e.:

Thereafter eq. (K.17) can be used to calculate all subsequent S matrices,p-?- -- |.

Having obtained S1. eq. (K.12) becomes:

. 2G Xco +[ E, + HSol X, = 2a G.4K.19)

with the solution:

, H-, 1 [ {1+ (K.20)

where:

5 o C.+i Sso E.-[e H5, ]-' (K.21)

With this result, eq. (K.14) can be written:

9o (K.22)

or:

[E~C4QSO-*j5SOIIXr +~ =O .0 g{0 0 (K.23)
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_ _ _ _ _ _ _ _ _ _ _ _71

These four equations may be solved for XOor [K&.+ {a~s) after which

can be calculated from eq. (K.20) and all other X.-~veccors from eq. ([.15).

Thereby the complete amplitude response Is obtained at the station where the mag-

netic forces are applied. To determine the response at other stations, the

rotor calculation has resulted in relationships:

tit St~tiol, Mh CjkX1k + DA F4 ([.24)

Here X is related to %kby eq. (H6)

V11 Ak B, F (K. 25)

or with P.given by eq. (S.72):

x~l= [Ct A;' ,+ Dil, 1E.)k~ ([.27)-

Thus, with X.~ determined, the amplitudes and slopes at any other rotor station

can be found.
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APPENDIX XI: Computer Program - The Stability of a Rotor with Timevarying

Magnetic Forces

This appendix describes the computer program FN0351: "The Stability of a Rotor

with Timevarying Magnetic Forces" and gives the detailed instructions for

using the program. The program is based on the analysis contained in Appendix IX

(and Appendix VIII)It calculates that value of the gradient of the timevarying

magnetic force which is required to make 0-, rotor unstable.

The rotor-bearing model is that of a general flexible rotor supported in a number

of bearings (see Fig. 4). The dynamic bearing reactions are represented by

4 spring coefficients and 4 damping coefficients (see Volume 3). The rotor

itself consists of a shaft whose diameter may vary in steps along the rotor

and on which are fastened any number of masses (wheels, impellers, collars,

etc.). At the centerplane of the alternator stator, timevatying magnetic forces

act on the rotor. These forces may be both forces and moments and they are

directly proportional to the rotor amplitudes and slopes. The forces depend

strongly on the type of alternator and can be determined as discussed elsewhere

in this report.

The stability computer program is not "automatic" in the sense that all that

is required is to provide the numerical data describing the rotor and the mag-

netic forces, and then the program will calculate if the rotor is stable or not.

It must definitely be emphasized that it requires judgement and several calcu-

lations to determine the rotor stability. A more detailed discussion of the

problem is given in the text of the report ard it Is necessary to read that

before attempting to use the program.

COMPUTER INPUT

An input data form is given in back of this appendix for quick reference when

preparing the computer iuput. In the following the wore detailed instructicns

are given.
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Card 1••72H) Any descriptive text may be given, identifying the calculation.

Card 2 (12) This is the "control card" whose values control the rest of the input.

Thus, in order to understand some of the items it is necessary to refer to that

particular part of the data to which the control number apply.

N.S, specifies the number of rotor stations, see "Rotor Data" (NS: 100).

"2.NB. specifies the number of bearings (14 NB I 10)

3.KA, The absolute value of KA, JKAI, specifies the number of that rotor station

at which the magnetic forces are applied (i.e. at the centerplane of the alternator).

The program only provides for one such station.

When KA > 0 and KC • 0 (see next item), there are only timevarying magnetic forces

and no moments. When KA< 0 and KC & 0, there are only timevarying magnetic

moments and no forces. When KC - -1, KA> 0 there are both timevarying magnetic

forces and moments. For further details, see "Magnetic Force data."

4.KC KC is used to spezify the form of the timevarying magnetic forces. Whea

KC-O, the timevar-ying magnetic forces (KA> 0) or moments (KA4 0) depend only

on the rotor amplitudes, not on the rotor slopes. When KC-1, the timevarying mas-

netic forces (KA> 0) or moments (KA< 0) depend only on the rotor slopes, not

the rotor amplitudes. Finally, vhen XC--l there are both timevarying magnetic

forces and moments,and they depend both on the rotor amplitudes and the rotor

slopes. The reason for including this control parameter is to red'ice the size of

tne stability determinant w•henever possible. For further details, see "Magnetic

Force Data."

5.NRP The program provides for including the effect of the bearing support pedestals

whenever needed. If NRP-O, the bearing pedestals are rigid and no pedestal data

is required in the input. Otherwise, set NRP-l and PDecify the pedental data.
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1 For further details, see "Pedestal Data."

6.NPD The bearings supporting the rotor may be either of the fixed geometry

type (plain cylindrical bearings, grooved sleeve bearings, ball bearings,

and so on) or they may be tilting pad bearings. If the bearings are of the

fixed geometry type, set NPDmO. If tilting pad bearings are employed, the

absolute value of NPD, tNDPI., specifies the number of pads in the bearing.

The bearing may be oriented such that the static bearing reaction goes between

the two bottom pads in which case NPD is positive and equal to the number of

pads. However, if the bearing is oriented such that the static bearing reaction

passes through the pivot of the bottom pad, NPD is negative and equal to minus

the number of bearing pads. The maximum value of )NPDI is 8. For further

details, see "Bearing Data, Tilting Pad Bearing."

7.INC. The bearing lubricant may be incompressible (INC-0' as for oil bearings

or it may be compressible (INC-1) as for gas bearings. The difference in so

far as the program is concerned, is that the dynamic bearing coefficients with

a compressible lubricant are functior.s of the vibratory frequency which they

are not when the lubricant Is incompressible. For further details, see "Beating

Data."

8.NH For the stability calculation, the program evaluates the frequency response

of the rotor-bearing system. Theoretically, infinitely many frequencies are

required, but in practice only a limited number are necessary. These frequencies

are the half harmonics of the magnetic force frequency and NE specifies the

number of the highest half harmonic. NH must be equal to or greater than 2 but

-- cannot exceed 20. NH should not be made greater than necessary since the computer

time is almost proportional to the value of NH, and in many practical cases sufficient

accuracy is obtained by setting NH-2. A more detailed discussion is given in the

text. See also "Bearing Data."

9.NQ Each stability calculation is performed at a given rotor speed. With the speed

fixed the program varies the gradients of the timevarying magnetic forces over

a specified range to determine when instability is encountered. The variable
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' representing the magnetic force gradients is called Qr. If NQ-O, a range for

'iref s employed, and it is necessary to specify the first and the last value

of the range and also the increment by which the range should be covered. If

NQ l, a list of NQ- values of Q is given. For further details, see "Test

Range of Magnetic Force Gradients."

lO.NSP When it is desired to inveszigate several speed ranges for the same rotor

and where either the bearing coefficients or the magnetic forces change from

speed range to speed range, it is convenient not to heve to repeat the "fixed"

rotor data for each calculation. NSP gives the number of such speed ranges.

The input data, starting from "Speed Data," must be repeated NSP times. NSP

can be any positive value desired.

11. NDIA If NDIA-0, the program output will be limited to giving the value of

the two stability determinants as a function of Qref for each rotor speed. In

general, this should be adequate. However, in some cases it may be desired to

study the behavior of the rotor in some detail. By setting NDIA-l, the computer

output will also include the impedance matrices of the rotor at each of the

specified frequencies and it can be investigated if any of the harmonics coincide

with a resonance of the system. If NDIA--l, the output will include not only

the rotor impedance matrices but also the Sk-matrices employed in solving the

determinants. (See Appendix IX).

12. INP If INP-0, the computer will expect to read in a completely new set of

input data, starting from card 1, upon finishing the calculations for the present

input data. Otherwise, set INP-i.

Card 3 (IP2E-4.6

I.YM YM gives Youngs modulus E for the shaft material in lbs/inch If

E actually changeu along the rotor, it should be noted that the program only

uses E in the produce EI where I is the cross-sectional moment of inertia of

"the shaft. Since I - ( S,4 -d ), where d0 is the outer shaft diameter and _

di is the inner shaft diameter, any variation in E can be absorbed by changing

d (see "Rotor Data")
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3K
2. DNST specifies the weight density of the shaft material, lbs/inch . The
program converts it into the mass density ' - DNST/386.069.

23.SHM gives the product d6 where (j is the shear modulus, lbz1/.'"h . end a is

the shape factor for shear (for circular cross-sections: oA X 0.75)

Rotor Data OE

Referring to figure 4, the rotor is represented by a number of stations connected

by shaft sections of uniform diameter. Thus, rotor stations are introduced

wherever the shaft diameter changes (or changes significantly). Also, there ..

must be a rotor station at each end of the rotor, at each bearing centerline

and at the centerplane of the alternator where the magnetic forces are applied

(Station KA).

Furthermore, a rotor station is introduced wherever the shaft has a concentrated

mass which cannot readily be represented in terms of an inner and outer shaft

diameter (impellers, turbine wheels, alternator poles, and so on). In this

way the rotor is assigned a total of NS stations (card 2, item 1) which are

numbered consecutively starting from one end of the rotor. There can be a

maximum of lOOstations. Each station can be assigned a concentrated mass

m with a polar mass moment of inertia Ip and a transverse mass moment of

inertia IT (any of these quantities may, of course, be zero). Also, each

station can be assigned a shaft section with which it is connected to the following

station. This shaft section has a length £ , an outer diameter ( d)tdSt an

outer diameter (d,)•as5  and an inner diameter d( . The outer diameter

(d40)t;f( is used to specify the stiffness of the shaft section such that the

cross-sectional moment of inertia of the shaft is: I (- -4di
and the shear area is: [(d 1; -df h ue imtrC,)4S i

used in calculating the mass of the shaft such that the mass per unit length

is: [ I(d.)fgSd where ?is the mass density (see card 3, item 2).

"In the computer input there must be a card for each rotor station (NS czrds).

Each card specifies the 7 values for the station:
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I~;

1. The aoncentrtd masmas: b, lbs. (may be zero)

-2. Te polar mass moment of inertia of the Ptation mass; I lbe-inch2 (may be zero)2

ITI3. The transverse mass •4oment of inertia of the station miss;l T lbs-inch2 (may

be zero).

4. The length of the shaft section to the next station: f , inch. (may be zero).

For the last station, set 1 -0.

5. The outer diameter, ( do )st of the shaft section, inch. ( do )st;( is
used in calculating the stiffness of the shaft section•d(d.)$;j 0

For the last station, set (do) -1.0.

6. The outer diameter, ( d, )• of the shaft section, inch. (may be zero).

( d. ),,U is used in calculating the mass of the shaft section. For the

last station, set (Cd )d* , -0.

7. The inner diamiter, di of the shaft section, inch (may be zero). d; is

used both in calculating the stiffness and the mass of the shaft section.

For the last station, set di -0.

Bearn ttos(25

The rotor bearing station numbers at which there are bearings, are listed in

sequence. There can be up to 10 bearings.

Pedestal Data (8E9

The program provides .for the option that the pedestals supporting the bearings

may be flexible. In that case, data for the pedeatais must be given and NRP

must be set equal to 1 (card 2, item 5). If the pedestals are rigid, set NRPO

and omit giving any data for the pedestals.
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a - ii.. ....
When W-1, each bearing is supported in a "two-dimensional" pedestal. The

pedestal is represented as two separate masses, each mass on its own spring

and dashpot. The one mass-spring-dashpot system represents the pedestal

characteristics in the x-direction, (the vertical direction) and the other system .

represents the y-direccion (the horizontal direction). There is no coupling

between the two systems. In the computer input there must be one card for each

rotor bearing which gives the 6 items necessary to specify the pedestal char-

acteristics:

1. The pedestal mass for the x-direction, lbs.

2. The pedestal stiffness for the x-direction, lbs/inch

3. The polestal damping cocfficient for the i-direction, lbs-sec/inch

(note: for the bearing films the damping is given in lbs/inch, whereas the

damping coefficient in lbs-sec/inch is used for the pedestals)

4. The pedestal mass for the y-direction, lbs.

5. The pedestal stiffness for the y-direction, lbs/inch

6. The pedestal damping coefficient for the y-direction, lbs-sec/inch.

!geed Data UPE4.6)

Usually it is desired to make calculations not just for a single rotor speed

but for a range of speeds. Even though the bearing coefficients and also the

magnetic forces are somewhat dependent on speed, it is convenient to be able

* to perform calculations for several speeds without having to change the bearing

coefficient data and the magnetic force data. The present input card allows

specifying such a speed range by giving the first speed and the last speed

of the range and the increment by which the range should be covered. If

it is desired to run only one speed, let the initial speed be equal to the

desired speed and let the final speed be less than this value whereas the

speed increment is set equal to zero. The speed data card also specifies

the ratio between the frequency of zhe timevarying magnetic forces and the

speed of the rotor. For the 4 pole homopolar generator, this ratio is 7

equal to 2, and for the heteropolar generator under load, the ratio is equal
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to the number if rotor teeth. Finally, the speed data card also specifies thwe

sCalefactor for the stability determinants. Hence, in total the speed data card . 3

has five values: 4

1. Initial speed of spee4 range, rpm

2. Final speed of speed range, rpm

3. Increment by which the speed range is covered, rpm

4. Ratio between magnetic force frequency and rotor speed (-2 for the 4 pole

homopolar generator, and equal to the number of rotor teeth for the heteropolar

generator under load)

5. Scalefactor for the stability determinants. In order to control computer

overflow, each element of the two stability determinants (i.e. for even and odd

indicies) is divided by the product of the specified scalefactor and the square

of the angular rotor speed. It is recommn-ved to set the scalefactor equal to .

the rotor mass (in lbs-sec 2/in) times approximately 1/8 the square of the product

of the highest harmonic and the magnetic force frequency ratio. However, the

choice of scalefactor in no way influences the accuracy of the calculations and

if in doubt, set the scalefactor equal to 1. If overflow is encountered, increase

the scalefactor.

Magnetic Force Data

The generator magnetic forces are made up of two parts: a static component and

a timevarying component. Let the rotor amplitudes at the centerpiane of the -

alternator be x and y, and let the corresponding slopes of the rotor be G and

(i.e. , where z is the coordinate along the rotor). Then

the magnetic forces and moments acting on the rotor are proportional to x,y, a

and f . The static components can be written:

static magnetic X 4• 0o-
forces[ •1 Qo'1

static magnetic T X =z•e

moments TY -010

where 0o is the negative radial stiffness in lbs/inch and Is the negative

angular stiffness in lbs-inch/radian.
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The first card of the magnetic force data specify the two negative static

stiffnesses.

(lP5E14.6)

1. The negative of the radial static stiffness , lbs/inch

2. The negative of the angular static stiffness Q6 lbs-inch/radian

and are positive values, and the program assumes them to act as negative

springs. For the heteropolar generator, -0. -

This card is followed by several cards speficying the gradients of the time-

varying magnetic forces and moments. These fcrces and moments are written:

QWX ,' QxS QJIXGqs

= -- ~t- 0)(L.1)

TM0 Q,, 0 .0,

The units of the gradients are:

QXV j Q,,7 Qj OIN j J1 -1 jW ivy) Ilkil III

Qe. Q9q QV~. Qj j~ La" Lj JefJ/rA;

The program searches for the threshold of instability by varying a reference

value Q ref' representing the gradients of the timevarying magnetic forces

(see the above equation), but the matrices themselves remain unchanged in the

search operation. Thus, when Qref'l, the actual operating conditions of the

alternator is encountered (or, in general, when Qref ( W )inpt , etc. is
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equal to the aczual value.)

The program provides for five possibilities: either give the full mat -es as

shown, or any of the four submatrices. Which option to use depends on he generatc:

type, and it is specified by means of the two coatrol numbero on card

KC (item 4) and the sign of KA (item 3),

For the 4 pole horopolar generator or the two-coil Lundell Generator i re the

north poles and the southpoles are in separate planes, the complete fo by four

matrices are used (see Appendix I). In that case, set KC-- and let I. 'e positlvv

The input -onsists of 8 cards with 4 values per card:

(1P4El4. 6)

KC=-l. KA> 0

oXX Qo, Q.. O.•

01Q,. Q,,
QO 00, Q66. a

~~q qt if

For the 4 pole homopolar generator it is found by the rresent analysis .t

0 -0 -- %,,hereas the remaining gradie - are zero.

For the heteropplar generator unC .r load there are only timevarying for ; and

no moments, i.e. only QkC,~4 and jq: are different from zero. Fur ;-rrore,

Qyx 01, and r -I . In that case, set KC-0 and let KA be positive, give

4 cards with two values per card:
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UAE1A 6

KC.O. IA > 0

'_ . Qr o .

To increase the Versatility of the program, there are three additional possi-

*"bilities. If the timevarying magnetic forces are proportional to the slopes

of the rotor and there are no moments, set KC-1 and let KA be positive,

and give 4 cards wich 2 values per card:

(1P4El4.6)
KC-I. KA >0

QqSQ0%. Q%,

If the timevarying magnetic moments are proportional to the rotor amplitudes

and there are no forces, set KC-0 and let KA be negative, and give 4 cards with

2 values per card:

,"E14.6)
KC-0. KA 4 0

Finally, if the timevarying magnetic moments are proportional to the rotor

slopes and there are no forces, set KC-I and let KA be negative, and give 4

cards with 2 values per card:

(1P4E14.6)
KC=,I. KA <0

Q*. 09
NO; Qqe

.145
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Test Range of Masnatic Force Cradients

As explained under "Magnetic Force Data" in connection vith eq. (L.1), the

program searches for the threshold of instability as the sero points of two

determinants by varying a parameter, Qref' which represents the gradients

of the timevarying magnetic forces and moments. The actual gradients are

equal :o their respective input values times Qref* Thus, the input values

for the gradients can be set equal to any value proportional to the actual

gradients as long as the proportionality factor ', the same for all the

gradients, and when Qref equals this proportionality factor, the actual

operating condition of the generator is encountered. In parforming the sta-

bility calculation, Q should in general be allowed a much wider range thanref
the one corresponding to the actual generator operating condition. The range

of Qref can be spe-tified in two ways in the input. If NQ-O (card 2, item 9)

an initial value and a final value of Q is specified together with an in-

crement by which the program covers the specified range. Give one card with

3 values:

(lP5E1l4 6

1. Initial value of Qref

2. Final value of Qref

3. Increment of Qref

If NQsb 1 (card 2, item 9), the stability determinants are evaluated at speci-

fied values of Q rf" Give a total of NQ-values or Qref with 5 valuca per card

according :o the format (1P5E14.6).

Bearins Data, Fixed Geometr

When the bearings supporting the rotor are not of the tilting pad type, set

NPD-O (card 2, Item 6). Then the dynamic reaction for each bearing is repre-

sented in termas of 8 coefficients. In other words, introduce a fixed x-y-

coordinate system wtih origin in the steady-state position of the journal

center, and let tho corresponding journal amplitudes be x and y. Then the
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bearing reactions F, and F, are:

FK j Big t 2tv, X i L2

where the K's represent the bearing film stiffness and the B's represent the

damping. Values for typical bearings are given in Volume 3 and Volume 4.

If the bearing lubricant is incompressible (INC-O, card 2, item 7), there must

be one card for each bearing (i.e. a total of NB cards, see card 2, Item 2).

On each card are 8 values:

(8E9.2)

1. Kx - spring coefficient, lbs/inch

2. cox- damping, lbs/inch

3. Kwj - Spring coefficient, lbs/inch

4. aotS• - Damping, lbs/inch

5. Kx - spring coefficient, lbs/inch

6. -ovx a damping, lbs/inch

7. KV a opring coefficient, lbs/inch

8. - damping, lbs/inch.

Here, (a is the angular speed of the rotor in radians/sec., or, in other words,

the four input values for damping gives the total damping at one per revolution,

not the damping coefficients. This is in accordance with the way these coefficients

are calculated from lubrication theory (see Volume 3).

If the bearing lubricant is a gas and, therefore, compressible, set INC-1

(card 2, item 7). Then the 8 bearing coefficients become functions of that

frequency, V , with which the rotor vibrates (the effect of squeeze number.)

In calculating the stability determinants, the program calculates the rotors

frequency response for as many frequencies as specified by the number of harmonics

and, thus, it is necessary in the input to give the 8 bearing coefficients at
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these frequencies. Let the timevarying magnetic forces have the frequency ft
-- .radians/sac (the ratio is given on the "Speed Data" card, item 4). Then

"It is necessary to evaluate the 8 bearing coefficients for (N10W )-frequencies

(NH is given on card 2, item 8). These frequencies, V , are:

where • is given by item 4 on the "Speed Data" card. It should be noteo,

that when V is different from Wo , the " W " in the four damping values,

CoB C• to 8 uB,0 and CaB8 , is still the angular speed of the rotor.

Hence, for a compressible lubricant give (NH+l)-cards per bearing where each

card contains the values of the 8 bearing coefficients according to the same

format as given above !or an incompressible lubricant. The first card is for

-0 and the last card for =

In this way, there will be a total of NB • (NH+l) cards with data for the bearing

coefficients.

Bearin5 Data Tilting Pad Bearina

When the bearings supporting the rotor are tilting pad bearings, set NPD equal

to plus or minus th=_ number of pads (card 2, item 6). The program assumes that

the pads are arranged symmetrical with respect to a vertical axis so that the

bearing operates with zero attitude angle. Hence, pads opposite each other operate

under the same conditions and have the same dynamic coefficients, and it w:ould

be superflous to repeat the same input for two pads. The program is set up to

avoid such repetition of input. Furthermore, the tilting pad bearing may be

oriented in two ways. Either the static bearing load passes between the two

bottom pads or the load passes through the pivot of the bottom pad. In the

first case, set NPD equal to Lhe total number of pads. In the second case,

set NPD equal to minus the total number of pads (i.e. the number of pads is

equal to INPDI). For each bearing the program requires input for NPD1 number of

pads:
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7 NPD eve, X€1D1"-1/2 N ,D

S........If NID Is positive (load between pads): NPD o nd NPDI-1/2 OID
XID odd, N7D1-1/2-(NPD41) 4

If V is negative (load on pad): f ND even, IPDl-l/2.-tIDti+.
neaie a ( D odd, NPDl-1/2-(tNPDj+l)

SThus, for a four shoe bearing where the pivots are 45 degrees from the vertical

load line, NPD-4 and NPD1-2. For a three shoe bearing where the vertical load

line passes through the pivot of the bottom pad, NPD--3 and NPD1-2.

Each pad film is repreiented by 8 dynamic coefficients as defined by eq. (L.2).

However, here the x-axis passes through the pivot and the y-azis is perpendicular

to the x-axis. The origin of the x-y-system changes from pad to pad.

For each bearing there must be data for NPDl pads. The first card for a pad

specifies the mass moment of inertia of the pad, the mass of the pad, the radial

stiffness of the pivot support and the angle from the vertical load line to the
:: ..... .pivot point::

(MP5E14.6)

1. The mass moment inertia of the pad with respect to the pitch axis divided by

the square of the journal radius, lbs. The pitch axis is the axis parallel to

the rotor axis through the pivot point.

2. The mass of the pad, .bs.

3. The radial stiffness of the pivot and its support, lbs/inch.

4. The angle from the static bearing load line to the piv6t of the pad, degrees.

Then follows a card with the 8 pad film coefficients:

(8E9.2)

1. KV lbs/inch

2. cA)& lbs/inch

3. Ky lbs/inch

4. WC B lbs/inch
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5. lbs/inch

6. cuDp lbs/ Inch
7. K" lbs/inch

8. W lbs/inch

If the lubricant is incompressible (i.e. INC-0. card 2, item 7). there is only

one card 'per pad with ' bearing coefficients. However, if the lubricant is

compressible* (INC-), there must be (Na+l)-cards per pad wh coefficients-,

(for explanation, see "Bearing Data, Fixed Geometry"). Thus, for each pad there

are either 2 input cards or (NH+2) input cards. Since the program requires data

for NPDl pads, there are either 2.NPDl or (NH+2).NPDl cards per bearing. With

NB bearings, the total bearing data input requires 2.*IPDl'N3 cards If LWC-O,

or (NB+2),NPD1. NB cards if INC-1. ,

COMPUTER OUTPUT

Referring to the later given calculation where the output from the computer is

shown, it is seen that the program output denotes the first couple of pages to

a listing of the input values. Thereby any errors in the input are readily

spotted. The input values are listed in the same sequence as the one in which
they are given to the program. The only input data which are not repeated, is*
the card specifying the speed data and the card (or cards) specifying the test

range of the magnetic force gradients.

After the listing of the input data follow the results of the calculations.

For each rotor speed there will be a 3-column list. The first column lists the

- reference values of the magnetic force gradient (i.e. Qf). It is labeled
ref

"QXX" in the output. For each value of Q the values of the mo stability
ref'

determinants are given. The first determinant, labeled "EVEN DETERM.", is the

stability determinant for even indices (see eq. (J.25), Appendix IX),and the

second determinant, labeled "ODD DETERM." is the determinant forodd ind!-!s_ (see

eq. (J.28), Appendix IX). Usually, the odd determinant is the one of greatest

interest. It is the one that defines the instability zones centered at
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i r= L D j----(A Is the frequencyof the sagnticforce" "M

'O ritical represents the critical speeds of the rotor-bearing systan). If the

speed of the rotor is W . these instability zones are centered at: -.

where is the fixed ratio between the magnetic force frequency and the rotor -.

speed, specified in the input (see Item 4, "Speed Data"). Of these instability I J

zones, the first one is by far the most important except in very unusual circum-

stances.

The even determinant defines the instability zones centered at:

JII5Wcjied~

Whenever one of the two determinants is zero, the corresponding value of Qref
defines a point on a boundary between a stable zone of operation and an unstable

zone. The results do not indicate on which side of this boundary the system is

stable or unstable. Hence it is necessary to perform calculations at sufficiently

many rotor speeds to make it possible to draw up a stability map in the neighborhood

of the operating speed.

SAMPLE CALCULATION -

To illustrate the use of the stability computer program, a four pole homopolar

generator ulth a turbine drive has been examined for stability. The rotor bearings

are gas lubricated, and with a bearing stiffness of approximately 200,000 lbs/inch.

The first three critical speeds are at 14,700 rpm, 16,000 rpm and 34,630 rpm.

Because of the change in stiffness with frequency, these critical speeds are not

tha same for all harmonics. Calculations are performed over a speed range of
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10,300 rpm to 20,300 rpm in ivcrements of 1,000 rpm and the magnetic force gredi-

eant ranges from 0 to 1,000,000 in increments of 10,000. The resulting stability

amp is shown in Figure 20 . Three stability boundaries are vwal defined, labeled

1, 2 and 3, respectively. Boundaries 1 and 2 derive from Wero-pcints of the

odd determinant and are centered around the first and the second critical speed

such that the rotor is unstable for operation betveen 15,200 rpm and 18,000 rpm.

At the boundaries, the determinant actually crosses zero and the program then

automatically interpolates to find the accurate value of qref at which the

determinant becomes zero. Boundary No. 3 derives from zero points of the even

determinant. In the output this determinant is never exactly zero but it is

readily seen that the determinant has a minimum point whose value is equal to

zero considering the numerical accuracy of the computation. In addition, discrete

points of another boundary, labeled 4 in the map, have been obtained at 10,300 rpm,

11,300 rpm and 12,300 rpm. They derive from the zero-points of the odd. determi-

nant (the determfnant has a minimum at these points). They are probably induced

by excitation of 1/3 of the third critical speed in which case they would define

an instability zone centered at 11,540 rpm, but more detailed calculations

are needed to obtain a closer definition of this zone.

When the bearings are assigned their proper damping values ýt will be found that

all the stability boundaries move upvards in the stability map such that, as an

example, the two branches of boundary I meet and no longer reach the abscissa

axis. However, if the rotors operating speed is within any of the indicated

instability zones, although the bearing damping may stabilize the rotor, the

stability margin must be considered small, and even if the rotor is not exactly

unstable, the system is "weak" in the same sense as a system operating at its

natural frequency whose amplitude is controlled solely by the damping available

"in the system. Therefore, operation within the instability zones indicated

in Fig. 20 should be avoided.
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INPUT FORM FOR COMPUTER PROGRAM
PN0351: THE STABILITY OF A ROTOR WITH TINEVARYING MAGNETIC FORCES

Card 1 (72H) Text

Card 2 (1215)

1. NS - Number of rotor stations (NSA 10)

2. NB - Number of bearings (NB9lO)

3. KA IXAI-Rotor station number at which magnetic forces act

K)> 0: forces only, no moments

KA<O: moments only, no forces KC,0

KA> 0, KC--l: both forces and moments

4. KC KC-0: the magnetic forces or moments are proportional to amplitudes

KC-i: the magnetic forces or moments are proportional to slope

IC-i: there are both magnetic forces and moments

5. NU NRP-0: bearing pedestals are rigid, no pedestal input data

NRP-l: flexible bearing pedestals, pedestal input data required

6. NPD NPD-O: fixed geometry bearings

NPD1l: number of pads in tilting pad bearing, load between pads

NPD4-1: INPDi-number of pads in tilting pad bearing, load on pad

7. INC lNC-O: bearing lubricant is incompressible

INC-l" bearing lubricant is compressible

8. NH - Number of frequency harmonies in stability calculation (2 NH420)

9. NQ NQ-0: give range of Qref' program increments

NQ, 1: give NQ-values of Qref

10. NSP - Number of speed ranges with accompanying data (NSPA l)

11. NDIA NDIA-0: rotor impedance matrices not included in output

NDIA-=: rotor impedance matrices included in output

NDIA-l: diagnostic

12. INP INP-O: more input follows, starting from card 1

INPW-: last set of input data
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Card 3 (1P5E14.6)

1. TM 0 Youngs modulus for shaft material, lbs/in2

2. DEST W Weight density of shaft material, lbs/-n3

3. SHM - A G, where G is shear modulus, lbs/ln2. and - is shape factor

for shear.

Rotor Data (8E9.2)
Give- NS cards with 7 numberson each card:

1. Mass at rotor station, lbs.

2. Polar mass moment of inertia at rotor station, lbs-in2

3. Transverse mass moment of inertia at rotor station, lbs-in2

4. Length of shaft section to next station, inch

5. Outer shaft diameter for cross-sectional moment of inertia, inch

6. Outer shaft diameter for shaft mass, inch

7. Inner shaft diameter, inch.

Bearing Stations (1215)

List the rotor stations at which there are bearings, in total NP stations

Pedestal Data (8E9.2)

This data only applies when NRP-l (card 2, ii 7 5). Give a total of NB cards

with 6 values per card:

1. Pedestal mass, x-direction, lbs.

2. Pedestal stiffness, x-direction, lbs/inch

3. Pedestal damping, x-direction, lba-sec/inch

4. Pedestal mass, y-direction, lbs.

5. Pedestal stiffness, y-directionlb/inch

6. Pedestal damping, y-direction, lbs-sec/inch

Note: The following data must be repeated NSP-times (Card 2, Item 10)
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Srped Data M5E14.6)

Give one card with 5 values: -

1. Initial speed, rpm

2. Final speed, rpm

3. Speed increment, rpm

4. Ratio of magnetic force frequency to rotor speed

5. Scale factor for determinant (set equal to mass of rotor)

Mamnetic Force Data

Card (1PSE14.6)

1. Static gradient of magnetic force, Qo , lbs/in

2. Static gradient of magnetic moment, lbs-inch/radian

Cards (1P4E14.6)

a. If [C-1 (card 2, item 4), give 8 cards with 4 values per card:

AN Q% o. Qt

0, ,Q,. Q,,,
0% Q1  f

la 17 q9 " 1t

Thcse are the gradients of the timevarying magnetic forces and moments:

Qv")QirxsOjQ 117 'jxie, in lbs/inch

Q)(01 Qarf, 018 j Qrj1?j 's Ix IO, f?1ir''j in lbs/radian.

00 007 Of Of or14 j 9fp, If? y in lbs-inch/inch

~Of, Qto, Q, Q, 19, 101, .16, l, t in lbs-inch/radian
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b. If KC-O, give 4 cards with 2 valtes pw card

w >,..0 FA- <,,..0

-.Icrm• ofIe

0S

(tile.

c. If 0i-1, give 4 cards with 2 values per card

QvP QxtQ. Q 1

"Test kange of Magnetic Force (r dient9 (1514.0

a. If NQ- N (card 2, itm 9); Give 1 card with 3 values:

1. Initial value of Q ref
2. Final value of ýref
3. Increment of Q ref

b. If NQ- l: Give cards with 5 values of 0sref per card, total NQ-vea' a

-Bearing Data. Fixed Geometry (8E9.2)

Applies when NFD-O (card 2, item 6). If the lubricant in incompressi' (INCa.O;

card 2, item 7), give one card per bearing. If the lubricant is comp ý;iblf-

(INC-i), give (NH+1)-cards per bearing (NH is item 8, card2). Each c2 gives

a set of 8 bearing coefficients:

1. Spring coefficient K lbs/inch

2. Damping COBxx, lbs/inch

3. Spring coefficient I 1, lbs/inch

4. Damping Ca)BXag lbs/inch
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S. Spring coeffIciant 3_, lbel/nch

6. ing W8)ic, lbs/inch

7. Spring coefficient K" , lbs/inch

8. Damping 081V , lbs/inch .

Bearing Data, Tilting Pad Bearing

Applies when NPD* 0 (card 2, item 6). Define the number NPDl by:

if NPD-4l (load between pads): NPD even, then: NPD1-l/2*NTPD
NPD odd, then: NPDl-l/2.(NPD~l)

if NPD-1 (load beten pads): NPDI even, then: NPD1-/2.(NPDI+lif NPD&-l (load on pad):

I JNPDD odd, then: NPDI-1/2.(INPDI+l)

NPD1 is the number of pads for which input is required per bearing. If the lub-

ricant is incompressible (INC-0; card 2, item 7), give two cards per pad. If

the lubricant is compressible (INC-1), give (NH+2)-cards per pad. In either

case the first card is:

* (MPsE14.6,

1. Pitch mass moment of inertia divided by the square of the journal radius, lbs

2. Pad mass, lbs

* 3. Radial stiffness of pivot support, lbs/inch

4. Angle from bearing load line to pivot point, degrees.

Then follow 1 card if INC-O, or (NH+l)-cards if INC-1, with the 8 dynamic

coefficients for the pad:

* Cards (8E9.2)

1. Spring coefficient Kx, lbs/inch

2. Damping 4)Bxw, lbs/inch

3. Spring coefficient K ,Y , lbs/inch

4. Damping CUBE,. lbs/iuch
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6. DOmping COg, lbs/Inch

7. Spring coefficient K , lbs/inch

"S. Damping to lbs/lnch

These (NH+2)-cards must be repeated NPD) times per bearing, and there must be

one complete set for each bearing (there are NB bearings).

1I.1

I

'.1
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3-1"? J.UND ECHNAICAL TECHNOLOGY INC.'
C PN33luROTOR STABILITY WIT" 14AGNECTIC FORCES

DIMENSION RM(IOC),RIP(100),RL(ICOIRSI100)tRW(0IROtk~foOIt
IOVXA(13)0),V~e(lCCO),VXC(100lOVXOE100I.OVYA(100),OVVBIIOO),
2DVYC(120) ,ovycIICO).DVUX(102),DVUY(100).OMUK(10)03.OUY(100I,

3Si(1U0)e2I0~2 *3103 I.84ll*KXII0 P),S( 100) ,B(100IB7Y( 100) .8 100),

5SXXI10),0xx(10),SXYI10),DXYIIO)vSYXt10),DYXIIO),SYYIl0),DYYI10).
QOLST 1200') LBI 1O),fMXA( 100),RIT(100)

* DIMENSION eKXX(10,211,RCXX(10,211,BKXY(10,21),eCXY(10,21).

* 2PAOM(1O,5),PACK(10,5IPANG( 10,5j,0Evp(8,a),OEDO(S,6),CMRI4,81,
3CNE(498,oAeqR(8,8IAME(8,8),WR(89,SIWEIB,8),WAl.8,SIW8(4,4),.

DIMENSION PKXX(10,5,21),PCXXt1O,5,21),PKXYfIO,5,21),
IPCXY( 10, 5,2) ,PKYXI 10,5, 21) PCYX( 10,5, 21iPKYY( 10,5 21),

WRITE (6,999 1
190 READ (5,1011 2

READ (5,101) NS,,NB, KS, KCv NRP, '(PD, INC# tN,9 "at NSP, tEDIA, I'4P 3
READ (5#1021 YM, ICNST* SHM 1
WRITE16*1003 1
WRITE169103. 1
WRITE(6,1041MSNBICAKCNRPNPDINCN14,NQNSP,NOIA,INP 19
WRITE(6, 105) 20
WRITE(69102)Y~iONSTtSHM ý21
DNST*CNST/386.069
NS inN S-I

15IP(KCl 196.195,195

GO To 197
196 K~lwS

KQ2m4

197 IFIKA) 1989199,19cl
199 Kd.-Kh

199 90 8* ZO
200 WRITE(6#1101 3?

WRITE(69108) 38
00 203 JO1,I4S
READ (5,108) RMfj), RIPIJ)t R!'fJlv RLtJ)o RS(J)t RW1419 RO(IJ 41
WRT(,0)tMJtI(~RTJILJvSJWJtDJ 49
RM(J)sAM(J)/386.C69
RJP(JJ-R IP(JI/386.069
RITfJJ=R!T(J)/386.069
C1=0.049O87385*YM~iRS(J )**4-RO(J)**4)
RW(JImQ.18539516*ONST*(RW(J )**2-RO(J)'*2)
C2=1.57O7963*SHM*IRSIJ)**2-R0(J30*2)
RS(J)AC1
IF(C2) 20292C2#201

201 RO(JJ=C1IC2
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Ow, '$,OWCE STATIOM~;~~3k liii
40 TO 203~j

205 POWNY U1 p yE ~ 3 6 0 9

210 P 210,217,204119
211 213,212.21

214 E6#12

210 ITO) 214,0,1
211 NPIFINPD1,z,,a)21922,I

2 0TO21

60 TOE62113

GDO 217 -,g

20READ (5,133) SPQ(IJ),Ja1SPIN, SP,54 
.*REA8 C 159102E 
159Q

WRITE(6, 126) 

16600 219 I*liKQ?READ (5,133) (WSQ(,19J1,Kg
2 ,QZ 

169 1
VRITE(6,133,(wsg( I,~JIJuKQ2J 

179219 CONTINUE

DO 219 233KQ32 READ 15,103) (WQLStJIJAlNQ2 
18923 SRITo(6s233J(WeS FRv)9 *tQ~ 
7IFIINCI 2412,l24122

.231 E D4* 01 K im !F r I C 
8

GO TO 2433

242_KIuNHZ

243 00 255 Jm2,NB
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ceE. Soujtc., SunrolFIT rF 4

00 243 IuLK1

READ (5,1361 eKXX(Jtf)o BCXXIja,.i eKxy(.jtI, sCxvfjg)),LSKYxiJiI, dcyzljtr,.ro ,,fjJtltRCYY 
207

245 covirzue 
1

IFIINMC) 255.246,255

8EXX(J.I IBKXXIJv1,

BKJIY(J:I 3u6KXY( J,1

RCAV(J. 11 eCxyi.j,l
0KYEjJ# )uSAxyxj, IiBCYXIJ,,I)UtsCYxlj,j)
9KVyfJ9j )ut KYYIJ,1.ý247 RCYYij,tl~ugCyygj~l)
GO TO 255

WRIT I6, 193K252
READ 15,102) P"Ne(JoKit P~n"(J,Klt PAnKIjog)* PA'4G(jK1 254WRJTL(6, IO2iPMIN(JK),PA0M(J.K),PAoKgJK),PA'4GIJ.KI 

254PMI(JKm4KNfJ,9jpq((JK)/3d6.3
6 9 5PAO14tJvK)uPAtiI J9K)/38e6.0
6 qPA'G(JK Iu0.JIT453z.;3*PANGIJ,K)

WRITE (6tl153 

273n0 251 ImlKI
X201-1
READ (59106) PKXX(JKtJ)w PCXX1Jtecfyj, PKXY(JtKgl3,PCXY(J*KoI)

IPYXJ I,)PCYX(JK, IIVPKYY(JKot),PCYYIJKJ, 
282

IFINC) 254,252,254
252 00 253 I'z,Ne~i

PKXX(JKtfI)=PKXX(JgKolJ

PKYY(JK, [IaPKYY(J#Kt1)

SPOmSPST
20WR!TE16,12J)SPO 

3211SCFI*O.1a4719?
6 * SP

SCFIaSCF*SCFL*SCFI
00 519 IHUL,NHI
NF- 1 4-1

I HN*NF
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IFM' 01193161

PROAHN*W*Spo~Fml
FQZOFOQOFRO

~ I ~ IM.ftI 401,402,401
401 WRItE(6,122INF,FRQ

WRITE169123) 
126WR171g6,124 1 
2405 00 *25 ja1,Ne 2

403 o1usoxgji11f

03*eKxy(jIHI
04 8CXY(J, 141HAIZf

0 7-SCVEIJ,1HJm q
D7.Bxyy~jt, IsNI
GO To 416

* 404 01.0.0

03u0oo

*0500.0

07.0.0

At-PKXXYjI J.IH1)

A3-PKXYIJ@1,JM)
A -£SPCXYVj,g,IH)oHN,

* ZAT-c1Yjt~li

C3*PAvCKIJ,~i)-FQ2*PAOM(j, f)

* CS:C4*C2-A2.AB.3*A5+A4.A
6C6*C4*AS 4C2*A?.A 3*Ab-A 5*A4

CILR-C3*(CS*C2*C6*AS 3/CT
C11EwC3*( CS*A8-C6*Cz 3/C7
CZZRoC1I(C5*A3,CGOA

4 I/CTC12EUCl*(C5*A4..C6*A 31 Id 1C21R--C3.( C5*A5*C6*46 )/C7
C21EUC3*fC6*AS.CS*A& 3/Cl
C22Rm-Cj*(C5$C4+C6*Az 3/C?
C22EnC1*(C6*C4-CS*A? 3/C?
OKUXXC1IR*AZ-C:I E*AZ*C21R*A3..C21C*A

4OCXX-CUR*tA2,CZ IE*AL*C21R*A4.C2 1E*43DKTC2*IC2EA 2RA-22EeA4
OCXvmC12R*A2*Cl2E.A1,C22ROA4,C22E.A

3DPJX.ClIft*A5-CILE*A6*C21q*AT..C21E.A.
OCVX.CIIR.46.CI IE*A54C21sqsAe+C21E.A7



0KYY.CLI*$A5-Ci26.A6,C22q.A?-C2zEe4g
f)CYY*C12e*Ab*ClZESA5.C?22*48#C '2E*47
C3aPA'O0*. Jel q. I; I.a
CLouC(C31
C28SIM4C31 5
C4*C&*C1
CsuC2*C2 .~
aluoKXX*C4+OKVYO CS
A2*OCXX*C4,OCVYYC 5
43*OKXY$C4-OKYX *CS
£4*OCXY*C4-OCYX*C 5
ASoOKYX*C4-OKXY*CS
AbsDCYX*C4-OCXY*C 5
A7=GKYY*C4,OKXX*C5 ,
AS*DCYY*C4*DCAXc.C5

405 fF11-li 4ý6,40694)7
406 IF(NPOZI C,99,409g4i.
406 IFIINPZII 410t4089,438
407 IF(INPO1I 410#4J994.39
409 01.01,41

02m02*42
03=03.43
04u04*A4
05.125445

07-07.47
D6-08.48
GO TO 41.5

41)2O1D2*A2+A2

O3aO3.A3+A3
04a04#A4*A4
D5a05,A5+A5

O)6*D6*A7*A6

OS*DSA8,A3
415 CONTINUE

41ý WRIF1~69L~j )LA" . ,fl3,n4,P~5,O60f7,nd 376
420 IFI4RP) 4?71,*2?
421 SXX(J)*D*:

DXXI JI-02
SXY(JI=03
OXYC J 804
SYXE J 3m05

C5-01.C16

CSDYJlf7,

rn-mt 4OGO TO 425..-T ... . _______



ASC5*OaC4#&3 -3*6c
C~~*ACloCC?*AZ 5O4
4*CswCa4C&-Ocs-3O-4O

A4*Cl*C8.C3*C&
Cl1N-eA3*AI*A4*A)1/C9
Clii. ("Ale-A3*AZ )/C9
£AuC2*03-C4@04
44.aC204*C4*03

Cl2lR--(A3*A1.*A4o*2lC9
C12Es--A4S*l-A3**2)/Cg
A3*Cl*DS-C3*06
"A.Ca04c**3*o5
C2140-i A3*Ai*A4*A2)/Cg
C2JF*-fA44AI-A3*A2)/C9

A4oC2*C?4C4*CS
C22V'4A3*A14A4e*2 I/C9
C22Ew(M4*Al-A3sA2)/C9
SXI J).mCI1IOCIClE*O2,C21RaCi-C2If.O4
DXX(JIuC2IIR*OZ.ClIEeOIC2l1R04*C21E*03
SXYt JlaCl2RSOI-CIESO2.C22ft*O3-C 22E*D4
0DXII )Clzft.OZC12E*fliC22q.04*.CZZE*Oi
SYXI J -CI1R*oS-CIIE*ob+C21R'O7-C21EenaS
OVEI J)-c11ftS06.ClE*05.C2lft*Oa*C21E*O?
SYVI JIUCI2R'DS-Cl2E*06.C22R*O?-C22E*oS
DVYYIj)CIZR*06.C 12E*0S.C22R*084C22E*0?

425 CONTINUE
D0 449 JwINSl
ClRNSIJI
C2sFQ2*RW IJ I
C3-ROIJI

CSaSQ*TI C4$I- 412
Cb-SQRTI C5 413
C?*RL(Ji
IF(C6*C?-0*031 441.441.442

441 C8*CZ*C?

8201 -1.0

86$J I-C7/C1
S4fJ)mS6(J)/2.~JSC7
S7(J )=84(J)/3.OSC7-C3SC7/CI*2&0

88(J)mC2SJ

R9(JluC812.0*C?
Blot JmB9IJ)/3.00C7
GO TO 449

442 CS.C3*C3*C4
C9-C 3*C5
IFIC8-O.00321 443,4439444

443 cauI.0+0.5*cS
GO TO 4,45



444 ClsoQT(1..,Cfl 437"S4 AsoCSSIcs-cgj 
-

A&SCS.ICs~cq)

A4aSQRT( 4 I"1 439

A~aA3*&S 440
£SuA4*A6

A1:A43C7
OluCOSIAWIA9. 4

ossex(All442

98(JlwC2*B3IJ)*D

*9fJl=C2*tID3-C1I)
85fJ~sC5*lA4*C4-A3*02)
slo(JlmCI.85(j3

S61J)*IAi*04,*T*Cz)/C$
8?lJs I(A7*D4-A8*C2J/C2

OVCIJFQ2RO.O

DVXAlJ)-s2R!ls

KiYALIJI=C

OVXSI(JD2OX(JI

* ~DVXOlK13z!4Y(J
OVYBlKJ)00.1j

56OVYDlK1)=Oyxg
OVXA(K8DCVXFQZ*RITl

OVUYIJIMDOvYl3 Ig

DMXAIKiBDUOXA(KII-SXXzp

-167- -DX~j
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o- Eft F)uStce STATINEM -IF4S

BXS0.0.

oxc-o.o

OC .0.0

0VXc.e0.0 0

OVIJXIKS)wO.O

DNUY(Ks)=z.O
GO TO(461,462,463,464,465,469,463.4?2).I

46t *0O*00L

CPO TO 475
462 YC=0.OO1

GO TO 475
"34 OXC*0.001

GO TO 475

465 IFIKC) 467,466,466
466 lF(KAS 468,461,467
467 OVUXIXSIml.O

60 TO 475
466 CHUXCK81J1.0

fJ TO 475
A69 IFIKCs 471,470,470
470 IFIXA) 472,471,471
471 DYUY(K5Im1.O

6O TO 475
472 OJ4IJYKM-1.O
475 90 483 J=LvNS

CInDMXAIJI
C2*FRQ*SPO0&RTP(J)
IF(J-KSI 4177,476,477

416 CMR(Io)oXC
CNEI119I)uSK
CMRIZI~syc
CMEt2,J I-VS
CMR(391)wOEC
CME(391IIDXS
CNR(49II-OYC
CMEf4, I)sDYS

477 AluSMXC-CI*OXC-C2*OYS-OMUX(J)
A2.sMXS-C1*OXS+12*flYC

A3w8MYC-C1SDYC*C;*flES-0MIJYIJ)



464mUVA- S--VaJ~CC? OACJ*SOiII -VCJOS

A6.VAS-OVmuIjR.4C-rOYCA(JI*XS-OVxf(lhJ*YC-0VXC(IJ*YS 4.

I~fOIS-I 46J94&C~.'7-3
4?3 ClexC K

tiuxs

C4-YS
6NKCuC1*S9(JJ4OEX*$JI(J)*A1*8ZIj)*A5*s1(jI
SMES.C2.Ii9gJJDXOES.51J),A2,82(JRA6*43(J)
SNVYCaCS*UCI(jI4OYC*B1)IJ R.A3*82(jR.47*83(Ji
I9NYSaC4*89(J),OYS*Aluf2IA4.q2(JR*4~8*81(JI

VX*SCZf,35IJ).CXS*P9IJ),A2*B5JIJR,6*8 (J)
VYC.C3*UA(J).CYC*O9(J).A3*85(JIA7*BtfJ)
VYS.C4*5'3(j)eCYS*~q'(JI.A4*A5(J)*A8*BlIJI
XCuC1'*1 tJ).IXC*03(J)4AIe84(J,*A'SB?(JI
XS-CZe811j),OXS*1b3(J)4A2*54(J.A&6*871JI
YC.C3*tI1(j).OYC*93(JR,.A3*841jS4Ale87(jI
YSuC4*S1(jRDYS*R2IJl.A4*844JI.A9*P?(JI
OXC xC1.85(j).CXC*82(JJ.A1*86(J*4A5*S4E JI
0XSsC2S85( JI4CXS*BZIJ),A2*86(J l*h6*R4( JR
OYCuC3*85(jI*CYC*R2(JJ.*3*96(JI*i7*84(JI
OYSsC4*85(JlCYS*13dJ1,84*R6(J I.A!*84(JJ

460 CONTINUE

AMEftt11A2
AMR(2,1)sAl
AME(2911uA4
AMRI391)mA5
AMEI3I1)-A6

AMC14, I1sA8
485 CONTINUE

00 486 J=1#4
00 486 1s1,4
WflI IJ)uAMNlI*J I

466 WE(IIJl=AMEfII.J
CALL MATtNVIWR,4,WCC,3,r.VN~tC) ~6
GO T01481946,O)tIC

460 WRITE(6#1301 668
WRITE(6, 131)NF#FRQ 669
GO TO 519

481 IF(NFl 4579457,482-
* 457 00 451 !*1,4

00 458 Jwl,94
AME(I*JJ0.O

458 uE(!,JJuo.Q
GO TO 459

462 CALL MATINVI WEv4#WCC,OO)EOIDf 637
GO T01483945T)9IC

'163 00 488 1=1*4I * -
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00i 46? R-1@4

ZAU.RTVIE,.C,,VSI)
10 TO E?029701I.I0

TW RITE169131?)#fk

C#O TO 519
702 00 490 1-1,4

D~O 49" JmI94

00 449 Knit*
.CZmClWAI 1.K)*WEfKJ)

489 C2oC2VA(1.K3*WR(Kgjl

490 UEII.JluC2
459 00 492 3.1,4

00 492 Ju1t4

C.m0.0
00 491 Ke1.4

491 C2-C2.CNRIIK)*UE4KJ).CMFI1,K3.Uq3IKJI

492 WEIIJI-C2
00 494 1-1,4
00 494 J-t9XQZ
C1-CMRItP J*41
C2-CNE( 1 #444)
00 ##93 K=194
CI.CI-4DtIKI*ANAIKJ.43.VfiiKI*ANEIKJ,4l

493 CZ-C2-WR(JKI*AI4E(KJ.4)-WEIIlgC)SAMRIKJ.44
UtfI NJ 3-Cl

494 UElltJl-C2
IFIKCJ 500,4999499

499 DO 49T 1-1s:
00 497 J=1#2Z
IFfKC) 500#495,496

495 EPXR(l#J)2UnfJJi
EMEI I.J)-UEI IJ?
GO TO 491

496 E94RI1,J)*URfI.2#Jl
EMqEE IJ)=UEI J*ZtJl

491 CONTINUE

lEME1l,210EM4E12, i
C2uEM4Q(1L)*E3ME(2,2JEMftIZ,2I*ENEt lq1l-ENft(1,Z.ERE(2,3 3
lEMRt2vl)*EME1172)
C3=(CZ*C1.C2.C2 3*SCFI
Cl=ClC3
C2*C2/C3
GA(1.1,1N3-ClOEMR(22,)..C2*E'4E(z232
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Ci!- FN SOURCE STATFNE~f IFMS

GI12tletH)s C1*EPN(1.13,C2*E'4E11,I)

GE(12,LHlu C1*EPSl2,23-cZSEMR(2.tI

GE1292PINIs C1*EPEI1L91-C2*EPMR419,13..
90OTOSI 518

500 00 501 fu1,4.

WR(IJ;wURI:,j:
501 WEfIJ)wUEfIIJ

-CALL TIVW99Cv9M*O
GO TO 45039502)*[C

* ~502 WRITE(6, 1323 1
WRITE169131INFPFRQ 619
GO TO 519

503 IF(4F) 504,504,506
50'. 00 535 1.1,4

DO 50)5 JwI 94
GEl q~1,J )8 .0.

505 GRII*JtIH)NWR(1,J)/SCF1
GO TO 518

506 CALL PATTNV(WE,4,WCCv0O9EO*10) 836
GOo TO C50795009,10

SO? 00 509 1.1,4
00 509 Jm1,4

00 508 Kw194
5OS CI.C14WRIIK3*UE(KJ3,WE(1,K)*URIKJI

CALL MATINVIWA*4,WCC,0OnVN, O10 655

GO TO 1704,7033,10 1
703 WRITE16,1381 657

WR17EI6,131)NFPFRQ58
GO TO S19

704 00 517 1*1,4
00 517 JuI94
dm0O.0
C2mO.0
00 516 K&1#4.
C1.C14WAIIK3*WEIKvJl

516 CZnC2-WA(19K)*WRIK,Jl
GR(IIJ,1t43-C1/SCFI

517 GElIJ,1143.CZ/SCF1
518 IFINOIA) 498,519,498
498 WRITEH69125) 880

WRITE169 1271 Sol
WRITEf6,133)((GR(t,J,134),Jin1,'3,Iinl41 682
WRITE(6tl28) 890
WRITE(6, 133)31 GE ItJ9 1H3,Ju1,4)9 1-1,43 691

519 CONTINUE
K3*0
K4in0
KSwO
K6m0
K7. I
WRITE(6, 1293NCTA 906

Best Available Copy



ONE"* I F" SOURCI 5TATENE'UT Z. IPlifs)

O11.QST-GINC

510 IPING) 511.511.512
511 Qx1mQx1#QINC

12IFINO-"IP $99#9.13,513
513 QX1UQLSTINQ1)

"I"PQI-NO .1.:
515 012w0o5sQX1/SCF1

00 521 I-1vK02
DO 521 Ju19K02
WAlI9JI-QX2sWQI ~1,J
WSII.JlsQX2*WSQE 1,Jl

4 AAwl IJIaO.O
AMEU IJ)*090

* 521 CMEEIIJ)-0.0
00 553 IHSqNH1
K11N1+12-t11
MKFII/21*2-K1) 923,525,529

523 K200
00 524 1w1vK02
DO 524 Jw1#KQ2

524 tiEIlvJ)nAMEfIj)
GO TO 527

525 K2-1
00 526 l1oKQ2
00 526 Jw1vKQ2
URtlvJJmCPMNII,J I

527 MUM~1A 705,706,706
705 WRITE(6t1351KI 967

WRITE(6,13311(UR(IIJIJslKQ2),1ulKQ21 943
WRITEI6,133)1tUE(1,JIJ-1,KQ2).Iu1,,KQ2) 976

T06 DO 529 Iu19KQ2
00 529 J=1,KQ2
CI=GR(II,JgKID
C2=GEf19J#K11
00 523 Rm1vKQ2
CI=Ci.WAI 1,K)'UR(I(,J)-WS( ItK)SUE(KJ)

523 CZ-C2.WAIIK)*UEIKtJ).WS(11K).UR(KJI
MR I I J ) Cl

529 WEIIJI-CZ
IFIK1-3) 550,522,522

522 fF(KC) 535#530,530
530 ClaWR(I, 1I*WR(292)-WRI 1,Z)*WRI 291i-wfilIt )*WE l* 2,2),wEI1v2)*VEfZ,1)

CZ*W~ft1, 1l*WE(2,21.dR12.2)OWE(I,1)-WPI1,2)*WE(2,1I-WR12,1)*WEI1,Z)
C3mC1*C1.C'.*C2
CIO-CI/CI
C2=-C2/C3
EPA(1vlwC1*WR1 2v21*C2*WE(292)
EFEI 1,1)mC1*WE( 2, Z-C2*WRt2,2)
E4RI1v21=-C1*WR( 1P2)-C2*WdEI1,2)
EMEEIv23aC2*WRI l,2)-C1*WEI1v2)
ENRI2,1)u--(1'hWI2, 13-C2'WE( 2,1)
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93 00f 536qc traTAE4 
A ,w s.01)4

5 500 S36 1.1,4

40T (5389J5371J,iJ

GO' ToIIJIWEII.

538 CALL PArINV(UEv4qWCC,Q,0EO,IW)13
GO TO (34195391,10.13

539 00 540 Ial,4J ~00 340 Jml.44

ER( fqJI--uR( .j)
GOTO70546

541 DO 543 10,

DO 543 J01,4
4200 542 K01,4

543 AMR(i,j)*CjlCALL mArINVfAMR,4,WCC,O,OI/N,10) 
16707 WRITE16,139)KI 

6GO TO0553
7OO 00 545 1-194

005345 J01#4

C2ou'oO
00 544 K*1#4
ClwCI*AMqR( 1,K)*UE(x,.J)

544 C2UC2-AMRh1,K)*URIKJj)

545 EMF(I,.JI=-C2
546 00 534 I11,KQ2

00 534 Ja*1KQ2
dm-0.0
C2-0.0
00 531 KnlKQ2
ClUCI4EMRII.KI*WA(KJJ.EMEIIPK,*WS(Koj)

532 AMR(IIgf mCI

ANE( IJl-c2
GO To 534

533 CI4R(Ij)inCl
CME(vjJC2

IF(IC1-3) 5,4,5
4700 549 I*1,902

00 549 J1,tKQ2
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ONE - F EPNS~tpl4' 1Ifilsl

00552 Jul. KQ2
~9K9.2
DEDO(X8,K9i-WRI I9J).WA(1,J)
0EOO(KSK9*13m-WEfIIJ1-WS(IJl
OEDOIK8+1,K9)wWE(I9JR-WB(1,J)

$1 OEOO(K$*lK9+13.WR(I*J)-WA([tJ)

IF(NDIA) 709#7109710
709 WRITE1691401 1160

WRITEf6,133i(IDEVN(1,JIJ.1,KQ2),IlrlKQ2I A 161
WRITE16o1411 . 1171

WRITE(69133)1(OEO0(IJ),JulKQllI.1,KQ1) 1172
?10 CALL MATINV(DEVN#KQ2,WCC#09Ovt4,1OI 1153

60 TO (582,5811,10
5al DV~uwj.O

IJKLwI
WRITE4691361 IJKL 18

562 CALL IMATINVlIDE00,KQ1,WCC#0*0E0, ID) 1186
GO TO 45849583)910

SIJKL=2

54WRITE(6*102)QXIOVNV'OED 1192

IFIKI 554,555,554
$4 K?=O

OVNIN0Vt4
60 TO 561

555 IF(K6) 556,556,559
S56 1F(K3) 565,557,564
557 IFIDVN*OVN1) 562*558,558
558 OVNI-OVN
559 IFIK41 $7195609570
560 IF(DEO*OED1) 566,561,561
5%I DEDI-CED.

Q1UQXL
K500
SO TO 510

5%2 K OVN

OED3nDED
D3nDVN

563 Q3-QXI
QX1.O.5*IQ1+g3)
GO TO 515

564 K3m--
D1*O VN1
D2wOVN
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MAN OUCE. SATENEii TI34

-4 -. E010

IMIS) $699569056?
%?7 Ks.0 

-

* D~uOED2
03wOEO3

569 K4.-1
F0O3aCED
GO TO 543

570 02m9XI

51K4-0 -

QXlwQ3

DEDOOE03
CPO TO 561

575 CI-02-Ql
CZ*03-Q2
C3aQ3-Q1
C4oC2*C3
C3-C 1*C3
C3nt01-D2l/C3
C4*(03-O2)/C4

C1uC44C3
56IFICI) 577,576,577
56CS-021C2
60 TO 580

577 C3&0.5*C2/Cl
C~uSQRT(C3*C3-02/Cl)26
IF(C3) 379,578,578 14

576 C5-C4-C3
GO TO 580

579 C~u-C4-C3
50QXl-Q2+CS

G6O6 TO 515
599 gpOSDnSPo!pN

IF(SPFN*0O00ooo-SPO) 600,600,260
600 NSPINNSPI,1

IFIMSP-'NSPI) 601,230,230
601 1IFINP) 602,190,602
602 STPP

99 FORMAT (liii)
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10? OMT71
101 FORMAT(1O2 TTON MS.S PLRMM.t5TASVMNI
102ENGITI UTDA(TIF OTOI(NS) NNRDI.

.104 FOM116110
100 FORMATISE92)fMG. F; !/R .PO .

102 FORMAT(104" STATION MASS-ELIS TIPOLRMNESS-X DRAMPNG-K4 1 LAS
1-VLBS SUTeIFFNSS-V OUTOANPING-NNEYMe
310 FORMATWHOB1ARIG STATIFORNSDT)

110 FORMAM(2HOMATORI OFCOIATOMOE)S
IlFORNAT4Z14H0EESA DATA)CE OO)MMET

11 FORMAT19NOSTATIONG MAT SXvB STTFMETION,13)- AS
113 FORMAT/120HIMAGNEIFOC DATA)

18FORMAT (9HOHARMON IC4X3H5Xx1OXSHW*BXX 10E3HKXY10XSMW3XY1OX3NKYX1OX5N
1W*SVXIOX3HKYYIOX5I4W*OYYI

120 FOMT5HPTHMONoINo PAD MASS PIVOT STIFFN. PIVOT ANGLE)
IRI ORMT11HIRTORSPEED-,1PE1I3*6*4 RPM)

122 FORMATI//13H0)IARMCNIC NO.,13,1149.FREQUjENCY-,1PE13.&,SH RAM/ECI
123 FORMAT(21HOSEARING COEFFICIENTS)
124. FORMAT(SN STATIONSX3HKXX9X7HFRQ*Bxx9X3NKXY9XTHFRQ*BXY9X3NKTX9XTHFR

IQ*SYX9X3HKYY9X7HFRQ*SYYI
125 FORMATI31HOROTOR-SEARING IMPEDANCE MATRIX)

.A26 FORMAT126HOMATRIX OF SINE COMPONENTS)
12? FORMAM(OHOREAL PART) -

- 126 FORMAT(I1HOIMAGINARY PART)
'12.9 FORMAT(I1,WfX314dXX7X25HEVEN DETERM. 000 DETERM.)

-.130 FORMAT(34HOREAL PART OF A-MATR IX IS SINGULAR) -._ -_-_-_-__
131 FORMAM(10 HARMONIC*913912H FREQUENCYu,1PE13.61

-132 FORMATI42HOREAL PART OF IMPEDANCE "ATRIX.I.S SIAAL.
133 FORMATtIP'.E1496)

-.131b FORMATI37MOREAL PART OF S-M4ATRIX IS SINGUJLAR.u,fl)_____
*135 FORMAT(IBHOS-PATRIX FOR K+*9u13)

liD,o FORMAT12 OHOOETERP IIANT ZERO AT,13) ____

13? FORMAT(35HGINVERSION MATRIX FOR A IS SINGULAR)
1.1J3SFORMAM(3HOINVERSION MATRIX FOR E IS SINGULAR)
139 FORMAT(38HOINVERSION MATRIX FOR S IS'SfkdULA1,K-I3)

..JLDfORMATI17IOEVEN CETERMINANT) I
141 FORMATC16HOODC DETERMINANT$
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GAVE IF*P SOISCE-4TA INENt t -07/3/4

C MATRIX INVERSION WITH ACCONPANYING. SOLUTION OF LINEAR CUOIAVIONS' KATI 2
C NOYINSERA* 192..5 _S000 DAVUL.tAILON MODL BASINE AN NATI NAT1 3
C "AnI 4

SUBROUTINE MATIKV(A9NIsI.MltOETIRM,1OI par - 9f

P EEA ORM OF CIMENSIaN STATEMENT MAS 7
c MATI 8

DIMENSION A48419StS1911-
DIMENSION INDEXII,31
EQUIVALENCE I IROW#JRtOWJ . (ICOLUU,4MtNsI._IAkUt J.&_SWAP) . "AT& It

c KATI 12-
C INITIALIZATION .. .... MATS 13
C PAT& 14

NROHL---~ MATS 15
MUNI "AT& 14
D0 S I-sN .-. -

KY-1

00 6 JoI.N
IF(A(I#J)i.3v4v3. _________

3 ElaG

9K2=0

LIf-II+2) 4985?'--.. .

DETERNOO*O
_G01T9-340. ________ _____

0 CONTINUE ______________________________________

15 00 20 JuloN K ATI is
2ftA IN X(I3 1 I L .a____________ _ M.A~l 19
30 DO0550 I-19N MATS 203

_________ __ ___ ___ ___ ___ ___ ___ ___ ___ ___ ___ PAT& 21
C SEARCH FOR PIVOT ELEMENT MATS 22

C RATL23
40 AmAX-0.0 MATS 24
45 DO 105 Jal.n ___ MATS 25

IF41NOFXfJv31)-13 60, 10i59 40 KATI 26
____ 0_____100 ___________________________ MATS 27

IFIINOEXIK931-11 S0, 100, M1 ATI!2
80IFIAMAX-AISI*l-iJlff 8) 3100.100 J401i 29

65 IROWnJ .MATS 30
90 ICOLL'M-K PAT% 31

AMAXmAGS(A(J*Kll NATIL 32
100 CONTINUE MATS 33
109 CONT INUE KATI 34

INDEX(ICOL'IM.31 INDEX(ICOLUM.31 41 .-MATI 33
260 INOEXII,11=R0W HATI 34
210 INDEX(1.2)aICCLUM MATS 37

Ic KATI 38
C -.l l[hi .'tV_0E'ROWS TO PUT PIMut ELEMENT ON DItAGONAL IIATI 39
C MATI 40
130 IF IIMOW-ICOLUM) 140y 310. 140 MATS 41
140 DETERII-OETERM KATI 42
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IFM 319 310 210 ATI 4

150 DO 200 LetW M KATI 43
220 SMAPAIIROCW*Li KATI 44
230 61IROWP1uAGICOLUN.Ll KATI 40

c200 841COLUJN.LIeSMAP KATI 41
. IPN130,30,20 *v.KATI 42

23 DIIE PIVOT .6 ICLNOW BY PIONLMNATI 50

C .NAT& 52

310 PIVOT *A:ICOLUM9ICOLUNI KATI 55
DETERM-*DETERNOP IVOT NATI' 56

330 MlICOLUNICOLUM10I.0 KATI 57
340 00 350 L*!,N KATI so
350 A(ICOLUNLS-AtICOLUNL)IPIVOT NATI 59
355 IRKN) 380, 380, 360 NATI 60
360 00 370 LmloM N4AT! 61
310 S1ICOLUNL~m6hICOLUNL)/PIVOT KATI 62

C NATI 63
C REDUCE MON-PIVOT ROWS KATI 64

C360 00 550 LI-1,N NAT! 66
390 IF(LI-ICOLUM) 4009 550, 400 KATI 67
400 TuAILI91COLUN) KATI 66
420 AfL!,ICOLUM)uO.O K ATI 69
430 DO 450 L-1,N NATI ?0
450 A(L!,L).A(IvLL-A(ICOLUNLl*T NATI 7!
455 IFIN) 550, 550v 460 NATI 72
460 00 500 L-!,0 NAT! 73
500 81LlvLlSIL!,L)-SfICOLUNL)*T NAT! 74
550 CONTINUE NATI 75

c K AT! T6
C INTERCHANGE CCLUNNS NATI 77
C NAT! 76

600 00 710 I-ION NAT! 79
610 L-s*!-I NAT! so
620 IF (INDEXIL,I)-INDEXIL*21) 630, 710, 630 NAT! S1
630 JROWuINDEX(I-ll NATI 82
640 JCOLU~mIN0EX(L*2) KATI 63
650 DO 705 K*!,N KAT! 84
"60 SWAPsAIKJROW) NAT! 85
.670 A(KvJROW)-AfKJCOLUM) KATI 66
700 AIKJCOLUMI-SWAP NAT! 87
705 CONTINUE :=l 6.
710 CONrINUE NAT! 59

00 730 K- LN K AT! 90
IFIIN!CEXIK931 -1)3 715,720.715 KATI 9!

715 TO m2 14ATI 92
GO TO ?40 KATI 93

720 CONTINUE K ATI 94
730 CONTINUE NA!95

ID-! KATI. 96
740 RETURN NAT! 97

E'40 NAT! 99

-173-



TURBINE DRIVEN 4 POLE ALTERNATOR*STABILITY CHECK *#-11-1967
11 2 7 -1 0 0 1 10o 0 1 0 1

30000Go00. 0.283 863000000
6.15 62.4 3100 103 3*5 305 3.339
1.61 0.0 0.0 1.45 3*5 3.6 3.2
0.0 0.0 0.0 2*37 3.5 3o65 3*062
0.0 000 0.0 4083 3.5 . 3.65 3e062
000 0.0 Co0 lo67 20775 3.25 2.0
3.1 12.0 12.0 2.1 305 3o7 1.04
Goo Coo JOG0 2.1 3.5 3.7 1.04
3.1 12.0 12.0 1.67 20775 3o25 2.0

C.C C * 3 oC 3o49 3o5 3.65' 3.062
v.0 0*C 0.0 4.39 3.5 3*6!! 3.062
9021 56.0 28.0 0.0 1.0 0.0 000

4 iC
10I30*0 2030U00 1000.0 2.0 1.0
2Cý'j 88200.C
•0.. 0.0 4.2 0.0
80. 0.0 0.0 .4.2
4.2 0.o 0.00

0.0 -4.2 0.0 0.00Co0 0.0 0.0 -4o2
c.o -4.20* 0.00

C*8^ 093 -492 0oO

O0C -4o2 0.0 0*0
-4.2 0.0 0.0 0.0

0.0 10J0L00.0 10.0c0.0
111915.8 0.0 %.o0 0.0 0.0 0.0 11191508 0.0
196262.3 Co.. .oO 0.0 0.0 000 196262.3 0.0
197298.6 0.0 000 cot 00C 0.0 197298o6 0.O
184631.7 C.C 0.3 00. 3.0 Coo 184631.7 0.0
168424*.7 0.0 0.0 000 0.0 0.0 16847407 0.0
12627294 0.0 t.0 0.0 0.0 0.0 126272w4 0.0
254752.4 .O 000 0.0 0o0 0.0 25475294 0.0
2176;904 ;0. U40 0.0 0.0 0.0 217609.. 0.0
181060.1 3.0 ;.0 0.0 0.0 000 181060.1 0.0
121742.5 0.0 000 000 000 0.0 121742.5 OoO

-349724o4 .OO 00 Coo 0.0 0.0 -349724.4 0.0
111915.8 0.0 0.0 0.0 000 .o0 111915.e 000
196262.3 0.0 0.0 0.0 0.0 0cO 196262.• OoO
197298.6 0.0 0.0 0.0 000 0.0 1972ý'8.6 0.0
184631.7 U.0 .;O 0.0 0.0 0.0 184631.7 .O0
168424.7 0.0 U.G 0.0 0.0 0.0 168424.7 OO
126272.4 0.0 U.O 0.0 000 0.0 126272.4 0.0
254752.4 0.0 0.0 C.O 0.0 0.0 254752.4 OoO
217609.4 C.C 0.0 0.0 0.0 0.0 217609.4 0.0
181060.1 0.0 000 0.0 0.0 0.0 181060.1 0.0
121742.5 0.0 000 0.0 0.0 0.0 121742*5 0.0

-349724.4 0.0 0.0 0.0 0.0 0.0o -349724.4 0.0
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RtoRv SPIEED 160300001 04 RP"

~JOFLOW AT 53363 IN NO'

cRZ EVEN CETERA* 000 DIETEMN

1*0000o00 04 2ol14a52E 00 1.512247f 06
1.0020000! 04 2.1243976 00 10502595E. III--
3.00C00E0 04 2.145743E 09 1.4666039 00
44000000E 04 2*1?304SE 00 1,464410E 00.
5.0000008 04 2.2065376 00 1.436213E 00
6.0000006 04 2.25249aE60 dO .402217E 00
?*00CC00E 04 2.3052946 00 1.3264282 00
1.0000006 04 2.3673576 00 1.3161312E 00
9.000000E 04 2.4391976 00 1.2690576 00
1.000000E OS 2.5214066 00 1.2155076 00
1.100000E 05 2.6146676 00 1.1561296 00
1.200000E 0S 2..719745E 00 1.09?423E 00
lo300000E 05 2.837510E 00 1.0339166 00r
1*400000E 05 2.9699456 00 9.6615558-01
1.5000006 0S 3.11S132E 00 9.0070966-01
1.4000006 05 3.2772928 00 0.321563E-01
1.700000E 05 3.456?75F 00 7.630799E-01
1.600000E 05 3o.655079E 00 6.. 406SIE-01
1.900000E 05 3.8736516 00 6.2569098-01
2.0000006 05 4.1149056 00 5.56523136-O
2*1OOOOCE 05 4.360256E 00 4.9311638-01
2.2000006 05 4.6721256 00 4.2999756-01
2.300000E 05 4.9928908 00 3,696616E-01
2.4003006E 0 5*345256E 00 3.1257516-01,
2.50O00006 05 5.7321066 00 2.5916356-01
2.6000006 05 6*1566366 00 2.0960826-01
2.70O00006 05 Ca.622316E 00 1.646418E-01
2*6000006 05 7.1329866 03 1.2454446-01
2.900000E 05 7.6927746 00 6.9139476-02
3.000090E 05 6.3061866 00 5.8791416-02
39100000E 0S 41*9741231E 00 3.3602456-02
3.2000006 05 9.7142806 00 1.3610926-02
3.3000006 05 1.0520146 01 -1.2100478-03
3.25O00006 OS 1.0106066 Ot 5*!ý58361E-03
3.2903216 05 1.0438916 01 5.8622456-07
3.4000006 05 1.1402156 01 -1.095307E-02
3.5000006 05 1*236721E 01 -1,577639E-432
3.60000002 05 1.3422936 01 -1.590296E-4)2
3.700000 0S 1.457T48E 01 -1.161866E-02
3.6000006 0S 1.5639436 01 -3.269779E-03
3.9000006 05 1.7218176 01 0.7403568E-03
3.650000E OS 1.651351E 01 2.304956E-03
3.63302496 05 1.62436CE 01 -3.1565002-06
4o000000E 05 1.87245CE 01 2*39SI71E-02
4.1000001E 05 2.0370916 01 4e1S7267E-02
4*200000l. 05 2.2163051E 01 6.194603E-02
4.3000008 05 2*412313E 01 8.35959SE-02
4s*00000E 05 2.8260626 01 1.06Z1S7E-0l
4.5000008 05 2.859093E 01 1.2918026-01
4*6000002 05 3.1129336 01 1.516559E-01
4.700000E 05 3.3894876 01 1.73610*E-01
4.6000002 05 3.6906086 01 1.938243E-01
*.9000006 05 4.018274E 01 Z.1190226-01 '

5.000000E 05 4.3747456 01 2.272860E-01
5.1000006 GS 4.762291E 01 20394674E-01
5.2000006 05 5.1834846 01 2.4600186-01

-182-

AT 1 4"



5.300000E 05 5*640991E 01 2.5253276-O1
99400000E 05 6.1377156 01 2.5275969-01
9.500000E 05 6.676704E 01 2*48534SE-01
5:600000E 05 7.2612706 01 2*398153E-01

SoIOOOE05 7.894963E 01 2.2659106-01
5.80000006 03 8.581567E 01 2.09AO89E-01
9*900000E 05 99325071E 01 1.883641E-41
6.0000002 05 1.012980C 02 1*64214?E-01
6.100000E 05 1.100037f 02 1*176969E-01
6.2000006 05 1.1941586 02 lo09838SE-01
6.300000E 05 1.295874F 02 8.187246E-02
6.'.000C0E 05 1.405734E 02 59526939E-02
6.500000S 05 1.524326E 02 3.174912E-02
6.600000E 05 1.AS2282E 02 193291306-02
6.000000E 05 1*790253E 02 2.1442656-03
6.8000006 05 1.9389646 02 8*3276406-04
6o9000U0E 05 2.0991576 02 1.2163916-02
?*OOOOOOF 05 2.271629E 02 3.9231286-02
7.1300006 05 2.4572246 02 N.541692E-02
T.o20000E 05 2.656836E 02 19543913E-01
?e3003006E 05 2.871419E 02 2.5011096-01
7.400000E 05 3.101962E 02 3.768126F-01A
7.5000006 05 39349534E 02 5.3900656-01
7.600000E 05 3.8152656 02 7.4146496-01
7.700000E OS 3.9003156 02 9.8920786-01
7.8000006 05 4.2059486 32 1.287487E 00
7.9000006 05 4.5334986 02 1.6417636 00
8.0000036 05 4.884344E 02 2.0576876 00

>8*1300006E 05 5.259974E 02 2.541364E 00
8*23000DE 05 5.6619156 02 3.097830E 03
0.300000E 05 6*091827F 02 3.734009E 00
8.40030DE 0 6.5514156 0 4.455679E60
8.5000006 05 7,042479E 02 3.2689296 00
6.6000006 05 7.5669586 32 6.1798046 00
8.7000006 05 8.a26833E 02 7.1942616 00
So8.800000 05 8.1242186 '32 8.318111E 00
So89000006 05 9.3613316 02 9.556956E 00
9.020000E 05 1.004CO51E 03 1.091613E 01
9.1000006 05 1.0764206 33 1.240063E 01
9.20C0006 05 1.153493E 03 1.4315036 01
9.3000036 05 1.235545E 03 19576344E 01
9.430)006 05 1.322856E 03 1.7649406 01
9.SOCOOOE 05 1.4157176 03 1*967578C 01
9.6000006 05 1.514448E 03 2*1b447SE 01
9.700000E 05 1.619368E 03 2.4157676 01
9.8000006 05 1*7308!.8E 03 2.661496E 01
9.90020006 05 1.844154E 03 2.9216386 01
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APPENDIX XII:Computer Program - The Resymse of a Rotor with Timevarying,

Masnetic Forces

This appendix describes the computer program PN0354: "The Response of a Rotor

with Timevarying Magnetic Forces" and gives the detailed instructions for using

the program. The program is based on the analysis contained in Appendix X

(and Appendix VIII)Zt calculates the whirl amplitude of an alternator rotor

which is eccentric and misaligned with respect to the a&Is of the alternator
stator,

The response program has most features in common with the stability program.

Both programs employ the same model of the rotor-bearing system and the form

of the generator magnetic forces is the same for the two programs. Hence,

much of the input data is the same for the two programs and in giving the

instructions for preparation of the input to the response program, refereuce

will be made to the instructions already given for the stability program in

Appendix XI.

COMPUTER INPUT

An input data form is given in back of this appendix for quick reference when

preparing the computer input data. In the following the more detailed instructions

are given except for those parts which have already been covered in Appendix XI.

Card 1 (72H) Any descriptive text may be given, identifying the calculation.

Car 2= 15 This is the "Control" cards whose values control the rest of the

input. It is identical to card 2 of the stability program with a few exceptions,
the major one being that the previous item 9, NQ,is eliminated.Card 2 has 11 values:

L.NS specifies the number of rotor stations (NS 6 50)

2.NB specifies the number of bearings (1 , NB 1l0)

3.KA see Appendix XI

4.KC see Appendix XI

-185-
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5.NRP seet Appendix X.

Ssee Appendix XI - '... ..........

2LM see Appendix XI

8.NH In the response calculation, the program evaluates the frequency response

of the rotor-beAring system at certain discrete frequencies. These frequencies

are the harmonics of the magnetic force frequency, i.e. at oQ.,2-z, 3a,41oetc. c

where Q is the magnetic force frequency (in the stability calculation the

frequencies e O,ffl,•fI A,,-- ). NH specifies the number of the highest

harmonic such that the highest frequency is (NH).I2 N il must be equal to or

greater than 1 but it cannot exceed 10.

9.NSP see Appendix XI,card 2, item 10

10.NDIA see Appendix XIcard 2, Item 11

ll.INP see Appendix XIcard 2, item 12

See Appendix XI

Rotor Data (8E922

See Appendix X.[

See Apnendix XI

Pedestal Data OEM.)

See Appendix XI

hirl Orbit Points in Output (IP5E14.6)

The rotor amplitudes x and y are calculated for each rotor station in the form:

S~NU

S Cos tu (M-.2)
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where .2Is tte frequency of the magnetic forces In redians/sac. t "m tIAW

In seconds and NH Is item 8 on card 2. The program output lists Cj I $
t and %ft for 0 dk & NH. However, in order to get the maximum amplitude

it Is necessary to calculate the whirl orbit whose coordinates, of course, are

z and y from eqs. (M.1) and (M.2). This is done by calculating z and y at

discrete points along the orbit. Let CW be the angular spe"d of the rotor.

Then:

Sk(.t k -2 ((-0N (M. 3)

where ( i) is the fixed ratio between the magnetic force frequency and the

speed of the rotor (see the following input card). By varying ((at) from

0 to 360 degrees, the complete whirl orbit for one shaft revolution can be

obtained. The present input card specifies what range of (Ot ) is desired

and in how big increments the range should be carried. The card has four values:

1. Initial value of (cot), degrees

2. Final value of (44t ), degrees

3. Increment of ((ot), degrees

4. The lower limit of amplitude values of interest in inches. This item is

included because it frequently happena that the ZAplitudes of the higher her-

monics are very small. Then there is no need to include them in the output.

This input item specifies what 4 the smallest amplitude value of interest

which may be, say, 10 inches (1 microinch).

Sped Data IPEI. 6 )

See Appendix XI

Mamnetic Force Data

See Appendix Xl but disregard all references to Qef"
Rotor Ecceltricitxand Misalignment Coordinates M1P4E1.6

The forces and moments that cause the rotor to whirl, only act when the rotor

axis does not coincide with the axis of the alternator stator. Four
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coordinates are needed to define the .. s1t!- of the rotor axis with respect to

the alternator axis:

AltvipqatorAlv"

Siator A•is St___o_ A___

Here, Xq and 11, are the two eccentricity components in the centerplane of

the alternator, and Go and )o are the two corresponding misalignment augles.

These values are given on a card which follows next aftar the magnetic force deta.

If KC--i (card 2, item 4), all four values must be specified:

1. Eccentricity, X)( of rotor in the centerplane of tho alternator, x-Oirection,

inches.

2. Eccentricity, 9. of rotor in the centerplane of the alternator, y-direction,

inches.

3. Misalignment angle, Go , of rotor axis with respect to stator axis in the

x-plane, radians or inches/inch.

4. Misalignment angle, Qe , of rotor axis with respect to stator axis in the

y-plane, radians or inchas-inch.

If KC-- 0, only two values can be specified. There will be one card with two

values and one of the following two possibilities apply.

KC-0

1. )r , inch

2. 4o , inch

KC-_

1. 0. , radians

2. •. , radians.
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This data applies when -ONPD (item 6. card 2). The instructions for proper"&,

the Input are the same as previously given in Appendix XI. However, eq. (L.3) ..

should be changed to read:

This does not affect the number or the form of the input cards but only redefinee

those frequencies at which the bearing coefficients must be evaluated when the

lubricant is compressible (INC-i, item 7, card 2).

Bearinz.Data Tiltins Pad Bearinj

This data applies when NPD * 0 (card 2, item 6). The instructions for preparing

the input are the same as previously given in Appendix XI. However, when the

lubricant is compressible (INC-i, iten 7, card 2) those frequencies at which the

pad film coefficients are evaluated, are given by eq. (M.4), not eq. (L.3).

COMPUTER OUTPUT

Referring to the later given sample calculation, it is seen that the first three

pages of the computer output repeats the input data in the same order in which

it is read in by the computer. The only input data which is not repeated in

the output, is the card with the speed data and the card specifying the points on

the whirl orbit.

Next follow the results of the calculations. First, the rotor speed is identi-

fied and, immediately after, the calcualted rotor amplitudes and slopes at the

centerplane of the alternator are given. There are 10 columns. The first column

identifies the harmonic of the oscillation (i.e. 0, 1. 2,...times the frequency

of the magnetic forces), and in the second column are the corresponding fre-

quencies. The 8 remaining columns give the cosine and sine components of the

two amplitudes (x and y) and the two slopes (Oe- Jr and ). The

resulting motion is obtained from eqs. (Ml) and (M2) and the analogous ones

for E and . Here, INH is the number of the highest harmonic (in the sample

case, NH-5), 1 is the magnetic force frequency, radians/sec, t is time in

seconds, and k is the number of the harmonic, given in Column 1. In the output
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x (C)= mi,,,i X I(S) -sit, iAY(C) =nij,'h I (S) =*,e1, DX/DZ(C)- "

0sj€•/c4,•, DX/DZ(S) - ft%, inch/inch. DY/DZ(C) - cc,, inchlinch, and

DYIDZ(S) -•Shi, inch/inch. These data are given since they result from the most

Important part of the calculation, namely the solution of the simultanious squations

given by eq. (K.23), Appendix X.

Thereafter thero is one page of output -or each rutor station. The rotor station

I.s identified first, followed by z list similar to the one described above except

that no data are given for & and T . Next, eqs. (M.1) and (M.2) are used to

calculate the rotor motion and the rsuilts are given in a five column list under

the title "WHIRL ORBIT." For this purpose, eqs. (M.1) and (M.2) are rewritten

as:

kw0 Q( .5)

where WO is the angular speed of the rotor. With (C3) being a fixed ratio,

Wt is varied over a range as specified in the input. The value of (ut gives the

agle of rotation of the shaft such that as Udt goes from 0 to 360 degrees, the

shaft makes one revolution. Tae first column, titled "SBAFT ROTAT, DEG", specifies

the value of Wut . For a given value of cot , eq. (M.5) can be used directly to

calculate the amplitude components x and y, and the values are given in the output

in the columns entitled "X" and "Y". They are in inches. Hence, x and y are

simply the coordinates of the whirl orbit described by the center of the shaft during one

revolution of the shaft. The output lSo. gives the coordinates of the whirl

orbit in polar coordinates in the two last columns where:

"AMPLITUDE" - inches

"ANGLE X-AMPL" - tan-1( 9/X ) degrees

Thus the amplitude givas the "radius" of the orbit, and the angle is the angle

from the x-axis to the amplitude directiou, positive in the direction of rotor

rotation.
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________________________'

SAMPLE CALCUJLATION. ... •

The response of a 4 pole homcpolar alternator has been calculated to, ..

illustrate the use of the program. The rotor it aupported In two gas lubrL-

cated tilting pad bearings, and the bearings have four shots with the static

load passing between the pivots of the two bottom shoes. Zn the centerplane

of the alternator (rotor statlon 7), the center of the rotor coincides with the

center of the alcurnator but the rotor axis is misaligned 0.002 Inches/inch

with respect to the magnetic axis of the 'al:.arnator which results in a pulsating

force of 84 lbs at a frequency of twice the shaft speed &cting on the rotor.

With the two first critical speeds at approximately 14,700 rpm and 16,000 rpm

it in found that the maximum respoase ocdura at half these speeds. However,

only the fundamental harmonic la excited with a significant amplitude and the

amplitudes of the higher harmonics are of no practical interest.

I
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ITOUT FORM FOR C•.,;i.2R PROGRAM

PN0354: THE RESPONSE OF A ROTOR WITH TIMEVARYING .IAGNETIC FORCES

Card 1 (1 2B) Text

Card 2 (1115)

1. NS - Number of rotor stations (NSf 50)

2. NB - Number of bearings (NB4-10)

3. U. IKAI- Rotor dtation number at which magnetic forces act

KA> 0: forces only, no moments

KA 4 0: moments only, no forces [ KC- 0

A > 0, KC-i: both forces and moments

4. KC KC-0: the magnetic forces or moments are proportional to amplitudes

[C-i: the magnetic forces or moments are proportional to slope

KC-•-: there are both magnetic forces and moments

5. NRP NRP-0: bearing pedestals are rigid, no pedestal input data

NRP-l: flexible bearing pedestal,., pedestal input data required

6. NPD NPD-0: fixed geometry bearings

NPD- 1: number of pads in tilting pad bearing, load between pads

NPD- -1: INPDI-number of peds in tilting pad bearing, load on pad

7. INC INC-O: bearing lubricant is incumpressible

INC-I: bearing lubricant is compressible

8. NH - Number of frequency harmonics in stability calculation (3 NH e 10)

9. NSP = Number of speed ranges with accompanying data (NSP & 1)

10. NDIA NDIA-0: rotor impedance matrices Aaot included in output

NDIA-l: rotor impedance matrices included in output

NDIA--l: diagnostic

11. INP INP-0: more input follows, starting from card 1

INP-l: last set of input data
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Card 3 (1P5E14.6) ,

1. YM - Toungs modulus for shaft material, lbs/In2

2. DNST - Weight density of shaft material, lbs/in3

3. SHM - G G, where C is @hear modulus, Tbe/in , and o to shape factor

for shear.

Rotor Data (8E9.2)

Give NS cards with 7 numbemon each card:

1. Mass at rotor station, lbs.

2. Polar mass moment of inertia at rotor station, lbs-in2

3. Transverse mass moment of inertia at rotor station, lbs-in2

4. Length of shaft section to next station, inch

5. Outer shaft diameter for cross-sectional moment of inertia, inch

6. Outer shaft diameter for shaft mass, inch

7. Inner shaft diameter, inch.

Bearing Stations (ll15)

List the rotor stations at which there are bearings, in total NB stations

Pedestal Data O8E9.2)

This data only applies when NRP-l (card 2, iteme 5). Give a total of NB cards

with 6 values per card:

1. Pedestal mass, x-direction, lbs.

2. Pedestal stiffness, x-direction, lbs/inch

3. Pedestal damping, x-direction, I.bs-sec/inch

4. Pedestal mass, y-direction, lbs.

5. Pedestal stiffness, y-direction, lbs/inch

6. Pedestal damping,y-direction, lbs-sec/inch
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Whirl Orbit Points in Output (1P3114.6)

Give one card with 4 values:

1. Initial value of cWt , degrees

2. F1nal value of wt , degrees

3. Increment of wut . degrees

4. Lover limit for amplitude values of interest, inch

Note: The following data must be repeated NSP-timem (Card 2, item 9)ý

Speed Data (MP5E14.6)

Give one card with 5 values:

1. Initial speed, rpm

2. Final speed, rpm

3. Speed Increment, rpm

4. Ratio of magnEt'ic force frequency to rotor speed

5. Scale factor for determinant (set equal to mass of rotor)

Magnetic Force Data

Card (1P5E14.6)

1. Static gradient of magnetic force, Q,, lbs/in

2. Static gradient of magnetic moment, 0. , lbs-iich/radian

Cards (IP4E16.6)

a. If M'C--l (card 2, item 4), giv3 8 cards with 4 values per card:

,• ,Q0, oat

Q.11,• Oe
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These are the gradients of the timevarying mapa•.tic forces and wonents:

021t; ow 4,1w 0,,,j Ix*, 1~,) 'Ily 111 in "*s/inch

Qu ) r ý ; J, qj jjy in iba/radian

0t I Of QK= i loards wxt n in lbs-inch/inch

Q. KA, 00#,0 Q 0-,, q, q~ f ) If* f in lbs-inch/radian
b. If KC-0, give 4 cards with 2 values per card

KA>O A--4O

Qur Iu QOX Qqj

c. If KCl1, give 4 cards with 2 values per card

Potor Eccentricity and Misalignment Coordinates (IP4E14.6)

Give one card with either 4 or 2 values on it:

a. If KC--l:

1. XG , eccentricity of rotor in alternator centerplane. x-direction, inch

2. '1 eccentricity of rotor in alternator centerplane, y-direction, inch

3. m. , misalignment angle in x-plane, radians or inches/inch

4. m* , nisalignment angle in y-plane, radians or inches/inch

b. If KC-O:

1. )C , inches

2. , inches

c. If KC-l:

1. 90 , inches/inch

2. •, , inches/inch
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Bearing Data, Fmt.-i Ce,-,etrj t8t.2)

Applies when N • a-rd 2, item 6). If the lubricant is incompressible (INC-O;

card 2, ite 7), give one card per beiring. If the lubricant is compressible

(INC-I), giv, (NH+l)-csrds per bearing (NH is iten 8, cerd 2). Each card gives

a set of 8 bearing coefficients:

1. Spring coefficient Kxx, lbs/inch

2. Damping W ko , lbs/inch

3. Spring coefficient K , lbs/inch

4. Damping Awl , lbs/inch

5. Spring coefficient K, lbs/inch

6. Damping CuBx , lbs/inch

7. Spring ccefficient Kyy, lbs/inch

8. Damping lbs/inch

3earing Data, Tilting Pad Bearing

Applies when NPD * 0 (card 2, item 6). Define the number NPDi by:

i NPD even, then: NPDl-l/2.NPD
it NPD--t 1 (load between pads): NPD odd, then: NPDl-l/2.(NPD+l)

fINPD1 even, then: NPDI-1/2. INPDI +1

if NPD 6 -1 (load on pad): f INPDI odd, then: NPDI-I/2.( |NPDI +1)

NPDl is the number of pads for which input is required per bearing. If the lub-

ricant is incompressible (INC=0; card 2, item 7), give two cards per pad. If

the lubricant is compres3ible (INC-I), give (NH+2)-cards per pad. In either

case the first card is:

(MPE 4. 6)

1. Pitch mass moment of inertia divided by the square of the joutnal radids, lbs

2. Pad mass, lbs

3. Radial stiffness of pivot support, lbs/inch

4. Angle from bearing load line to pivot point, degrees.
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"Tn.n follow 1 card if MiC-0, or (NB+l)-cards if INC-i. with the 8 dynamic coefficients

for the pad:

Cardo (8E9.2)

1. 5Spring coefficient Kx, 1bs/inch

2. Damping WL, , lbs/inch

3. Spring coefficient K lbs/inch

4. Damping Wo• , lbs/inch

5. Spring coefficient Ky, lbs/inch

6. Damping W B4, lbs/inch

7. Spring coefficient K Ibs/inch

8. Damping W811 , lbs/inch

These (NH+2)-cards must be repeated NPD1 times per bearing, and there must be

one complete set for each bearing (there are NB bearings).
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Fk+I1L947 J. LUN -MECHANICAL TECHNOLOGY I1N4.
P01354aftESPONS1 OF nrUTU WITH MAGNETIC FORCEý

lax44O/A vxlioXu 1C. scx , 1I #SCXXI .09 1 LItBKXVII,! iQ*t~ it 8XV val

2PADMI LO,5hPADgRI lot31 PANGI A95) 9IUFV41 A4v 4 9CC1vI ,I *CPA(4,UI
3CNEI4.aI .AMRI4,8',Agci,481,miRI4,AIWE(4,4l*hA144'.I,WRI44aI
4WCU4,4),hQ14,41 .WSUJ(4.41,UR1q41,)UEI49,'d EMRI4.41.EM&'E4I,1

2GR12,8,50OGEC(e,8,ajvSR(494,.dlSEI4,4,AJlXCSI445O,..I,

COMMON/Cl AMC 331 ,RIP( 3,.'AITLýdRS(342i ,RWf 342199,Diul eRL(3019
kDVXA(30)sDVXB(3OltDflC(30iUVXD(3OIUVYA(3%)IDVYR(3O3,DVYCL.Ol,
2DVYO(3sý.LNUX(3Q3,UVUY(3,)IVMUX(301,DMUY(3j1,UMXA(3C),8-(30I,

4PMXI ~03,fX.U,)PWolPMYiePKY(1'ý;tPYI0,PDY(&I,1SXX(iJ),OXX(0I,~
5sxyi/nyhOr IO,,Sx4)Dyxl)OYXi),SYY(10I,DYYy.l0LbI!0I,
6XZ141vY.1a4)
t IJMMON/D/ALAiA3, A'.,A,,A6#A7,A8,NF ,FRQKCSCF LDIOAKQ2,NSKB,
* II(NH2d'N,9AMLM.SPUSI-RL, SFII,WTSTwTIN.wTI:, N~i
COMMONl.EIK(JltKQ3,C.,C&*,NBKAdrkPNPUINC,NHNSP, INPYF4,OtSTSHN,

*SPST ,SPFNSPIN1 SCF,(JLQZP,1' .,Ki, WTFN
COMMcJN/F/BMXCtdmxs.Bmyc~t3mysVXC 4.VXSVYCVYSEC.xsYCysOxcoxs
*DYSPC3,C4, NSA, NPU~, NP~ie UYC. NSPI
WRITE (as99l

190 READ (59ioJ.)
READ N:i. Sq 4u, l.Ap KCt (dRP9 NPD, INC, Nil, P4P,Na21A,1NP 3
READ (5,I40-i YM, ONST, SHM i
WRITE19ý) 27 i 6

WRITEIL9,.3)NSN8,KAKCNRPNPUINC,.NHNSPNUIAINP is
WRI75(oAOD)I 30 19
VWRIJE(6, IX. YMDNSTsSHI' 3i 20~
ONSTsONST/386.J69 3d,
NS~mNS-ý 3P3
NHA=NeH.- 34

:,9 KQ~z4
KQZ*2
KQaat
GO TC .97

196 KQ.=8
KQ2*4
KQ3=8

497 IF(KA) 191,.949,99
'498 KB--KA 36

GO TC 3
:99 KB-KA 38
20C0 WPIT6ft,.!:) 39 36

WAI TE (6, Jd 40 37
00 iC3 Ja~vNS 4.
READ (,.IRHIJ), RIPiJ1, RITIJ1, RLIJI, RSfJ),RW1JhI4O(JJ 40
WRITEleoiJ7)JgRMIJI,RIPIJ),HII (JIRL(JI,MS(J),RWIJIItC(Il 43 48
RHI J IRM( Jl /3b6,3L9 1
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Thu E ~F S(rd9ri SIATElcoi - I9FMEsl

RIPIJI.AIPIJI/366. .ui4

MWtJ)s..;.78j39&8 6*O.4Sr.IRWi J).2-RaIJ1*02) 46
C2s1.5?:79:jJ.SHM.IIkSIJI..i-RD4J)..21 49

IFIC21 2Jz92C2s!0. 56,
201 ROIJIMCý./CILS

GO TO 2j3 53
20Z RlPJ)*3.C 5
20i COITINU'E 5

READ (5,iJA ILBIJI, JAjNOI 54
WRITE(tt.091 57 91
WRITE(6t1'2j(LB1JIJm~tN91 58 92
IFINAP) 2U,210teC4 59

?'04 WRITE(6911.) 60 100
WRITEU6,.ia) 6,L 101
DO 215 Js1,WB6i
READ 15,lch) P?4X(JI, e'KXIJ), PDX(J)p PMY(JI, PYI~YJ), POYIJJ 104
WRITE(b,431)LBl4IPP4X(J)tPKX(JJPDX(JI ,PMYIJ),PKY(J3,POYIJ) 64 ill
PMX(JlaPMXIJ)/38o. t,9 65

205 PMYfJ)=PMY1J)/366.4o9 66
21J) IFINPD) 2,4#21792-4 67
21i IF(fNPD/2)*&2-NPO) 44392129212 68
212 NPOI*NPO/2 69

Npoic-2 70
GO TO 2'.7 71

213 NPD 4.- (NPO+.J/2 72
NP02=-- 73
GO TO 4.7 74.

214 NPDI=-NPO ?5

215 NPD4 =NP01/c4.. 77
Npokso78

GO Ta 2.7 ?9
216 NPD.=Vý;PDi+1)/2 80

NP02-'L 81
217 NSP~al 82

REAC 15*10Z) WTST, WTFN, WTINv AMLM 145
230 READ !5,LOEJ SPST9 SPIN, SPIN, SIR, SCi7 146

WRITEtbtLi3l 140
WRITE(ttlid 149
WRITE(6,,.32J QZ;*(ZP ISO
WRITE(6#11j) 151
D0 2!8 Iui,KQZ
READ (5#138) IWQII.Jlt Jm1,Kg~l 154
WRITE(6#1381 IWQ(IJl#J=1,KQZ) 159

218 CONTINUE
WRITE16#,'ZW)' . .. ý. - .. . -166
00 21.9 I-iKQ2
READ 15,1381 (WS0(1jJjjw1qKQ2) 169
WRITE(6,13811 WSQI I ,J~ jo1qKQ2) 174

219 CONTIMUF
READ 159, 381 IXZ1II. 1-19KC21 lei___~_______________ 6
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IbO- F SO0i4LE STATEMENT -IFM(S) -

hR I~t-..A94 194

242 Ký.vNM. 100
24.3 00 .255 Ja4 ,NB 101

WRIE~e..lL$JI102 204
IFINOD) 25.,vZ44v25. 103

244 WRITE16,j.ciI 104 207
00 245 lw*K 105
K2=1-1 106
READ (5t.J)I BKXXIJ.Il, BCXXIJvII, BKXY(J,1)tSCXY(Jtl)98KYXIJ#Ilt
!BCYXIJII, KKYYIJI)t BCYYtJtI) 2LG
ORITEI6,i-ý7 KZ,8KXX(J,IbtBCXX(JI)oBKXY'J,1 ',ACXY(J.i,)BCYX(J,[), 109
!BCYX(Jvl)tBKYY(JvI)98C'VYfJtlI 110 219

Z45 COlITINUZ II11
IFIINC) 255o246#753 'La

246 D0 247 1u2,NHI 113
BKXX(J, I)=BKXX(J#,) 114
BCAI, ~CXX(Jt,.ucx~tl 115
BKXY(J.I JwBKXY(J.'.) 116
8CXYIJ,!)mBCXYIj$!~) ILI?
BKYX(JI )aBKYXIJll 118
BCYX(JI adCYX(JtlI 119
8I(YY(JI I=dKYY(jt,. 120

247 BCYY(JI )aBCYY(J.t.) 121
GO TO 255 122

250 DO 254 Kui.,NPD'. 123
WRITE(6,I1.3)K 124 255
WRITE16ib.2,) 125 256
R~EAD 459134) PM4IN(JvK)IPADM(J,K)o PADK(JKl, PANGIJKI
WRITE(6.432)PMIN(JKl,PAOMIJKI ,PADKIJtK) PANGIJKI 127 2(.2
PMIN(J#KI*PMIN( JK)/38c0.069 128
PACM( JtI)*PAOM( J,K I/366.0b9 i2.9
PANGI .JK~au.Ci74.5S:93oPANG(JKI 130
WRITE46,t..d) 131~ 273
DO Z5"1 I*1,Kl. 132
K2=-1-1

READ (39,43o) PKXXIJ.KI~,PCXX(JKJ hPKXY(J.I(21),PCXY(J.KI),

4PKYX(JvKI3, PCYX(JKI), PKYYEJsKi ),PCYY(JtKt4R 276 I
WRITE(6,i01IK2,PKXXIJK, I IPCXX(JKtlJPKXY(JKI IPCXYIJKI), 136
IPKYXIJ.KI ),PCYXIJK, UPKYY(J.KIl ,PCYYIJK.I) 137 285

25. CONTINUE 138
IF(INC) 2549,252,254 L39

252 DO 253 14,*NI. 140
PKXX(JK.jl=PKXX(JKilI 14&'
PCXX(JKtil-PCXXIJ,Kttl 14.ý
PKXY(J#Ktl)2PKXY(J,e(,.I 14.4
PCXY(JtKtI)-PCXYIJoKtiI 144
PKYX(J#KtI[.Pw(YXIJ,Ko..I 145
PCYX(JKII=PCYX(J,KA.I 146
PKYY(J*KtI)2PKYY(Jj.9.) 147

253 PCYY(JKl ~=PCYYIJKt,i 148
454 CONTINUE 149
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TWO 6 FN 131UuCt STAI".1 S I'~

255 CONTINUE ISO
sPOSspsT 15i

260 WRITE(6*kl.JSPO 152 323

SCFj0. .04h!97b*SIC 153
SCFIUoSCF*SCF .*SCF. 154
c: mQ 5,'SCF.
00 261 Ix~vKQ2
00 26i Jw.,KQ2
SR(ItJ,NH.Iz0.J
SE (1 J,NH.) uO.J
WB( I J)=Ci*WQ( 1,-i

26:' WC(ItJlm-C.*WSO(IJ)
CALL AA2 (S260vS23Zv.S.901 339

99 FORMAT 11H.)
100 FORMAT172H 740

i 741
10~. FORMAT(i..I7) 742
i0ý FORMhT(1P2.ý64e6) 743
103 FORMAT(O08HOSTATIONS BEARPIGS MASN.ST F.M/F/N AIG.PEI) has

iPADS COMPR4ESS HAR~MONICS NU.SPEEDS OlAGNOS INPUT)
104 FORMAT(I69-0I110 746
~05 FORMAl 142HO YOUNGS MOO. DENSITY (SHAPE FACT).G) 747
106 FORMAT(8E9.2) 746
A07 FO~)iATlI5tiPE16.6t!P7EI4e6J 749

~08 FORMATI:.04H STATION MASS*LBS POLAR MON.IN. TRANSV.MO0.IN L 750

109 FORMAT('.7HOBEAKING STATIONS) 752
110 F9RMAT(!AH%;ROTOR DATA) 753
~il FORMAT(.4HWPEOESTAL DATA) 754~
1.2 FORMAt(89H STATION MASS-X,LBS STIFFNESS-X OAMPING-X MASS 755

1-Y#LBS STIFFNESS-V DAMPING-Y) 756
:13 FOR#4ATIZOH,4AGNETIC FORCE DATA) 757
±114 FORMAT(27H; Q13),FORCE Q(01,MOMENTý
115 FORMATI"28HOMATRIX OF COSINE COMPONENTS)
116 FORMAT(//i3HGBEARING DATA) 760
117 FORIOATiL9H)BEARING AT STATIUN,13) 761
jj8 FORMAT(9HaeiARMONIC4X3HKXX.OX5HW.8XX.OX3HKXYl0X5HW@BXY.OX3HKYX1;X5H 762

W.BYýCJX3HKYYitjX5Hw&8YY) 763
119 FOAMATIBHOPA0 NO.,Ia) 764
lij r-ueK*IS01t "irut mum.If. PAD MASS PIVOT STIFFN. PIVOT ANGLE) 765
i24 FORMAT(:3H.ROTOR SPEEu.,1PE.3.6,4H RPM) 766

123 FORMAT421H.;BEARING COEFFICIENTS) 768

.24 FORMAT(3H STATIUN5X3HKXX9X7HFRQJ.XX9X3HKXY9X7HFRg.BXY9X3HKYX9X7I1FR 769
.Ce8YX9X.ýHKYY9X7HFRQ*6YYl 770

'25 FOiRMAT13 4HARUrOR-Bt..AlIhG IMPEDANCE MATRIX) 771
Jib FORMATU-6H)MATRIX OF SINE COPPONENTS)
.27 FORMAT -CjH3REAL PA~rl
, 28 FORMAT(,5HIMAGINA.RY PART)
129 FORMAT(4.H.CoUORINArEs OF STAIIC ROTOR ECCENTRICITY)
13a FORMAT(34H-REAL PART UF A-MATRIX IS SINGULAR)
.3. FOHIOATI. ýH HARMONICm,13,tj4 FREC'JENCYm*IPEl3.61
.32 FOv4MAT(.dH..ROTOR STATION NU.,12)
.33 FORPAT(:PHFINAL MATRIX IS SINGULAR)
.34 FORMAT149HAý;LITU~cý, AT RUIOR STATION WITH M?.GNETIC FORCES)
.35 FORMAI(.,;H H4ARMONIIC FREQU6CY7Xd9HX(C)'13X4HXUS)10X4HYVI)10X4HY(S))
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T~wC - EFN SOURCE STATEMENT - IFMIS)

t36 FORMAT(///.2HOWHIRt. ORBIT)
.37 FORPAT( 6H SHAFT RUTAT,DE.;5X1HX13XlHY9X9HAMPLZTUOE4X12'iANGLE X-A.4P

138 FOA4A71i.P4t.4.61
639 FORMATE Z.H 11ARMONIC FREQUicNCY5X4HX(C )OX4HX(IS)X4.HY(C)SBX4NY(S)bX8

iHIJX/DlhC)4Xd9OX/DZIS34X8HDY/DL(C34X8HOY/OZ(S5I
'.'4D FORMAT442dR;EAL PART OF IMP~iUAiCE MATRIX IS SINGULAR
.4g. FDRMAT(15t.PEi6*4s!P8Ei2*4l
;~42 FORMATE.WHýREAL PARF OF S-MATKIX IS SINGULAR*K*,131
.43 FUiaMAT(L-5HjINVERS6 IMPEDANC= MATRIX)
.44 FORMAT (54H. INFLUENCE COEFFICIiNT MATRIX E IXIJ)mE*F) FOR STATIUN*I

-.45 FORMAT(46Hj[NFLUENCE MATRIX A (XIJIaA*XIKBII FOR STATION913)
j4ý FURMAT115HjINVERSICN MATRIX FUR A IS SINGULAR)
.47 FORMAT135H.INVERSItJN MATRIX FUR E IS SINGULAR)
148 FORMAT(3bH.,INVERSION MATRIX FOR S IS SINGULARMuI31

STUP
END
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SAL - F4 SOURCE STATEMENTr - FNISP

SUBROUTINE AA2 (490,*I

COJMMCN/A/ BKXXI*.J, J.8CXX1 .CUl),8uXYf(Jjq8loCXYtli2,Li.

2PAOM(,Aý51,PAUK(225J,)PANG( .Ce5iOEVN(4.4i#WCC(4.1jC#"R(4,8I,
3CJ4E(4,dIAMRI4,8),AME(4,8$,WW(f4,AItE(4,4).hAI 4.41IuB(4,41,
4WC(4,4h*WQ(4,4bWSQI4,4).UR(4,4h#UE(4.4IEMR(49,),EM4Ef4,4j

C09414ap/Bf PKXX('i~t~f.I,lPCXXI,05,.b)PKXYI4 C.5,11),PCXYtj.0,5,..)#
IPKYXt.Qt5,..3,PCYX(ý.',5,La.PKYY(.0.5#,4 4iPCYY(.2.S9.1J.
2GR(2,8,50iGEI2,8,3.J,5R14,4,..),SE(4,4,....dCSI4,50, .1).
3XSS(4,503.LjYCS14,3O,1II,YSS(4.o,0.).I
COM4MCN/C/ RM(30),RIP(aýý,),K[fLCIKS(30)tRW(302J R0(3O0 ,RL(3CI,
IDVXA(3ChO0VXB(3C1,DJXC(3'3I.UVXOI3GI ,DVYA(30),UVYB(30J ,DVYC(30)t

320Y(3CJ,8BOVB(3ZiA30,BV33Yb300J,8X3tItMU(33IB9(3j,0)B10t30I

C0I4MON/O/A.,A2tA3,A4,A5 1A6.i7,A8,NFFRQKC.SCF1.NO1lAKQZ.NS,KB8,
* KNH2,HN,AD4L,,SPDPsFM:,SFMAhdTST#WrINtWrF, NHi
COMNEKiK3Co&N9ANP#PtN#HN~IPY9N~S~

* ~*SPST ,SPFN, 5PINtSCF*Ul.tlPK.,K,?, WTFN
COP'NCN/F/8?4XC,8MXS ,10YCRMYSVXCVXS*VYC.VYS.-X,'XSYCYS,0XCOXS*
*DYSC3,C4t AdS., NPDi, NdP0)2 DYC# NSP.'

* DO 530 IKz-PNH.'

NFx IH-i
HN-=N F 157
FRQmIdN*SPO.SFRA, 156
FQ2uFR0.FRQ 159
HNi*aHN.SFR

*404 W~lTE(6,124)NF#FRQ 162 8
WRITE(69A23) 163 9
WRITE(bv * '4 164 10

402 DO 425 Jw.,Nf~ 165
IF (NPD)43'.,4O3,4l4 160

403 D.-eXXXfJp 1 #4 167
DlagCXX(J, IHI*HN, 168
D3aBKXY(J, IHI 169
04*8CXY(J, IH)*HN.' 170
D5*BKYX(J, IHI 7ii
O6-8CYXfJ, IHI*HNi 174
O7-8KYY(J, IH) 173
D8*BCYY(J, 1H)*HN, 174
GO TO 4.6 175

404 0~m0.O 176

03x0.0 178

!)7w0,0 182
08 2f". u183

00 415 1- ?.'4D.. 184
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07/15M67
SAL -:FN SOURCE SIATEMNET -IFNIS)

Ci*FQ2*PMIN(J,1) Las6
A:*PKXXU, tI. Ii 156
A2&PCXX(J. I.IHI*HNN. Is?
AjaPKXYjIqi, j, lad18
A4nPCXYIJ, .IIP4)*HN. 189
A5*PtcYXfJ, I, lt 290
A6SPCYX(Jtl, lti)*H. 19i
AOP)KYY(J#jIoIHI 192
A8=PCYYIJ, I i* Hl. I-)i
C2=AT-C, L94
C~uIPAU9jjI)~ -t-02*PAOMIJtI) 195
C4-A.+C *Co
C5 mC' CZ-A-..A8-A 3*A5+A4*A6 197
C6zC4*AJC.4.Aý-A3*A..,-A5*A4 195
C7'o*C5*C:*Go 199
C.-RinC3*(C:vCiC6*Ab)/C7 iou

C.2RwC,* .iC;A3+C--#A-.IC7 20i.
CIZ- 4fý*A -- ,A JC 203
Cl J4=-C3*(C5'*A5+Ct .Ah)/C7 204
CZ.LnC.ý*lCo*A5-C5*AcI/C) 205
C2eRm-C .*IC5*C4C6*AiJ/C'? 20o
Ci 2 E =C -* Ci~.C4-C 5.': JIG? 2C7
DKXX*Cj .RoA;-C.A.E.A2.+C4RoA3-C~e1E.A4 208

DKXY=C.IR*.4-C.2 Aýi.Ci2R*AJ-C/2Z*A. 210
0CXY=C -R*A-+C.2ý:*A,+L22R#A,+Li~2E*A3 21i.
OKYX-C& R*A5-C 4 .:AýL!*A-aEA zii
DCYXUC& o *C6+IE*A3*C;iIR-A jC2:E.A7 2L3
OKYY*C .29.As-Cac.*A4+.C2'R.A7-C22E.Ad 214
0CYY-CýR.Aa+C.2tEAý.C22eA*As.L22E.A7 215
C3*PANG(Jol 216
C1=CCS(C3) 211 40
CjsSJNIC3) C2L1 41
C4-CL*C 219
C5vC2*C- 220
ALDKXX*C44DKYY*C5 22&
A2*DCXX*C4+DCYYOCF 222
Aj&UKXY*C4-DKYK*Cýj 223
A4xOCXY*C4-OCYXoC5 2i4
A5-OKYX*C4 -VKXY*C5 225
A6wDCYXOC4-DCXY*Cý 226
A7=CKYYOC4..0KXXfC5 227
AB=DCYV.C4+UCXX*C3 220
IF(NFDI*C+J 4. ý594.: 219

406 lC(NPOZ) 4¶;99,4U9t4.3J 313
431 IF(I-NPf). 4-ý,4*.18,'' ;32
408 IFINP02) 4'90,- i33
409 0.'-DI+A. 234

02-02+41 232
D3-D3+A, 23o

U4-D4+44237
05-054 Ai i3b
06=Ob*Az .39
DT*074A714
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SAL -EFN SOURCE STATEMENT *IFNISI

GO TO 4-5 2442
4.10 DlnO1*A.*A. 241

06a06*A,8*Ao 24

415 CONTINUE 5
416 IFINDIA) 417,42G94*71-5
401 WRITEE 6..07 )LB( J~ ,0v0iO3.V4cD5,D6,O7,08 253 58
420 !F(NAP) 42.Z,9421#42Z 254
421 SXX(J)*Di 255

DXXEIJ)=2 256
SXY(J)=03 257
OXY(J)uD4 258
SYX(J10D5 259
OYX(J3uD6 260
SYYIJ)U07 261.
OYYIJiSCS 262
GO TO 425 263

422 Cu-PKX(J)-F02.PMX(JJ 264
C2-PKY(JI-FQI-.PMY( J) 265
C3-FRQ*PDX(J 266
C4-FRQ*PDY(J) 267
C520.4C~ 268
C6zD7*CiZ 269
C7ftD2.Ci 27%)
C8mDB+C4 271
A~uC5*C6-C?*C8-D3&05+04906 27i
A2-C5.CL3+C6vC7-C3*C6-ut*C5 273
C9aAO*A,+AZ.A2 474
A3=Cl.C6-C3&CS 275
A4=Cl*Cd.C2*C6 276
ClLRm(A3*AL+A4*A2) /C9 277
CiJ.EzIA4*A..-A3*AA.I/C9 2711
A3mC2*03-C4*04 279
A4aC2*V4.C%*03 280
C12Rs-(A3.A.*A4*A2 iIC9 28,.
C12Em-(A4*Ai-A:3*Ai eC9 282.
A3=Cl*V5-C3'O6 283
A4=C1.O64C3*05 284
C2lRa-(A3A.4+A4*AL.)/C9 28 5
C21Eu-(A4*A k-A3*A 4 )/C9 286
A3=C2*C5-C'..C7 287
A4xC2*C7+C4*C5 288
CZZR-fA3*AI+A4*A2) /C9 289
C22E-(A4*A.-A3*AZJ/C9 290
SXX(JIsC1IH.Oi-C±-ý.O*04CZ1Ia.O.-C2.E.O4 291L
OXX(J) =CL-oUi+C.- t*O.sCIRC.iO,t+C2&E*03 292
SX()CZOICi-*ýCýRU>CE0 293
OXYC zika2CZ-D-C.2*O+2ED 29*
SYX(J)*l=1k,05-CL .FO6.C~iR#U7-C2-E.O8 295
OYXIJV-C..lR*D6*C.-, E-*D,+C2.R*Du+C2.F~*D7 296
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foL- N SUUMLL. STATEMqENT - FJS 07145W

425 O 4 ~T~u~299
00 ~449 Jn.*%'S.. 300
Cinas(jl 301

C~aP~o~~J,301.
c 30&01~j 30.3C48C?/C.. 

304caSsQRT(C..) 3U.i 94C5.sciRr(csi 306 95CVaRL(J) 
307lFiCA*C7-..2.31 4'-j,441P445: 30844. CS*C:*C7 309ahij)ou..C 
310

*53JI.JOCY 
3i 2

66(J~aC7/C- A

BIJ)u84(J)/3.e;C7.C3.C7/Cl*.2j 
315U5(J)wC2.ts?(jI 31861ji.C6 3A.

B!0IJ)w39ljI/3.Q*C7 319GO TO 4'.9 320442 C~aC3*C3.C1, 32ý,Cga 3.C- 322
IF(C8-0.O3,.Z 443,44.a,44'. 323

443 C~nk.O+2.3#C8 
324GO TO 445 325* 444 C~mSQRT(I...+Cb) 
326 119445 A5mC5*(C8-C9) 
327A6as.5*(C8+C9j 
328

A9aA5+AL. 
329

A3*SCRT(A3) 
330 121A4*SgIkTIAo) 
33. 122A7*A3*A5 331

A8wA4*A6 
333* h~.A3*C? 
334

A2uA4*C7 
335

TWOPI a Z.* 3.i4j59i*
Din COSIAMO0(AztTWUP1J)/A9 1?302' SINIAMCD(A2,TW0PI)I/A9 

124
D5 xEXP(Aj.J 

338 12504*1.0/0539
03*0.5*(D5+D41,A9 340
D4*0.5*(D5-043/A9 4481 Jl sA5*0O'*A6D.~ 342
82(JI-A6*O3+A500, 34383 ( JIA3*O4+A44.2 344
s8(JI.C2*8B,'jJ 345
B4IJ~m(03-Oji/Ci 346~
B9(J~aCz*(C3-O.) 341
855(JIUC3*(A4*O4-A3*OI 348
8~o(JI-C:*85(J) 349
C8mC1.C5 35C0

861j IuIA8*04.A7.CZ )/Ca
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SAL -EFt4 SOURCE STATEMENT - FN(Sl 07/25/67

449 CONTlIYUE 
35300 455 joi,mS 353

CIAFQ2*R~q(jl 5

DYXA~mCý355OVYAI~JI-CI 356
OVXB(Jluo..j 357
ovNC(JJQ.ý .35dOVXOIJ)fto,, 359d
OVYBej)wo.., 360
DV'VCIJi.o.a 36i~oDVYDJIM0.4 363OMXAIJIUF0i*RIT(J, 

304ovuxIJjao., 364
0vuy(J)-0.- 6

36o
455 DMUY(J)uo.. 6

00 456 Jmj.NB 6
K,*LE~j)369

DVXA(K JUOVXA(K!J-SXXjJ(j 37 0
OVXB(K JUOJCX(jl 7DVXCC~I.)&SXYIJI 

372DVXDIK.)-OXYIjI 3741DVYA(K. ja0VYA(KJ.)Syyij, 375
0VYSIKljuoYYtjI ?
DVYC(I.)*S'VX(j) 37.

456 0VYD(K,I-DYX(JJ 
377DVXA(KB~aDVXA(KB),QL 
37aDVYA(K83.DVYA(VD I+QZ 380DI4XAIKOInDMXA(KBJQLP 380CALL 882 

189DO 486 J-1,4 
17200 486 lal,4 7

WRI I J)*AMW (1 .J 474486 WE(I,J)EAMUjj,j, 473
CALL MATINV(WR.4,WCC,QtDVNIo, 

202Go ro(4ai,4601,10 275460 WRITE(ow-..3J 
0WR[TF(, 43)NFFRQ 

205
Go To 53a 0

48i rIFNF) 457,45?,48Z
457 00 458 1 -,,4

00 458 Jwý,4

UR(I,jISwR( j,jp
458 UEflj,)-0..,

GO TO 459
48i CALL MATINV(WE,4,WCC,;,UVN,10 

22GO TG(4b3t,'571,1022
483 (00 488Iu.

00 488 jma, 4
47

00 487 Ku, 
480~487 C&xC- ' kR(IK*M(.jW-jr)AXX 
482488 WA(JJj-C,. 
483CALL MATli;v(wAp,wCiL,.,DVN*IQ) 

21.2
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Go TC ?.z,1
702 wtI P: t f0 .4..24

GO TO z.-5
?01 00 4% Z .9

00 '.90 Ju**&. 44i
C. 0 cG 484

00 449 KA-.,4 488
C*.vC'-wA I ,K3 .w..(K,jI 489

4S'l CZ8Cý-WaI IK)*W.41K,JI 490

49.) tJL~lj).C 49Z
4S9 00 4Q, JL . o4

n0 492 Js*.KQi

C in,) vi

00 49& Ka.,4

00 494 Ju..KQ 2

C.&CPRI tJJ4)

00 493 'Ku.#4

493 C2*C?*CMR( IKI.4EIKJ)4CREIiK).WA(K.JI
URI LJ~aC!

494 USEIIJlAC2

WA IT-if6, .3-6 JI UMI I ,J).J- lKQ2), Is.,') 313
WRITE(c#..Z..J 321

705 IF(KC) 61.,6.,)9.a
6lJ 00 497 I=Lvi

.00 497 Jmi# 512

495 EMA(IIJluUtH(IvjI 514

GO TO 4,1 Si.La
49o EMRII*J)-Ukt(I+&'Jl 517

EME1IvIJ)*U=(1+..,JJ ~
497 CONTINUE 519

-~aAR.A*~~.~)MI,)jRZ~EMElf 4 ,i)*5Ma(2.2I* 510i

!EMR(2, lecPEli.i; 523
C3 -IC...Cj.*C2 *C2 3 *!CF! 5.4
Cl=C,/C3 52i
C2*C2/C3 5i.6
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SAL -EPN SOURCE STATEMENT -IFP4(SI

Uft(2$11 *-CI*EM9RI,.&-C4*LMC(2#!1
UR(2,21 a
IJEU,19, C*EM , 2i-ZL~22

UE(292) *
GO TO 613

611 0O 612 1-:.4
DO 612 Jo-94
fMR(iqJIaUUAIIJ)

612 EME(I.jJIUtflvJ)
CALL D4AtINVIEMR.obJCC*C*OVN*IUI 365
GO 1046'490.631910

613 WRITE(6,.4.;) 361
WR17E(e,&3.) NF#FRQ 368
GO TC 53.

614 IFINF) o'i.6l5,6~.7
615 00 616 Ia;'94

DO 6.6 Je*#4

66UR(1,J~mEMK( IJi/SCFý

67GO TO 623
6?CALL MATINV(EMEt4tWCCv~qOVN91U) 385

GO TOo-'8#.*45),ID
618 DO 620 Ja'v4

00 620 Jo-94
rIS.0.~
DO 609 Kmý.94

619 C~mC -+MRE 1.K).UE(K.JI.EME(I.#KI.UA(KJ)
62d WA(19JI*C.

CALL MATI'4V(WA*4,WCCvjDVN91OI 404
GO TO 170?7,76IID

706 WR!TE~a...47) 406
WRITElot.3JNFFRO 407
GO TO 53(D

?0 7000 622 Ju.94

00 622 JmL94
C100.0
C200.0

*00 621 Ka,*4
ClxCi+%A(ItK)*EMEIK#Jl

* 621 C2aC2-WA(IPK)*EMRIK#Jl
UR(I#Jl-CýJSCFý.

622 UE(IvJ3'Ci/SEF..
623 IF(NDIA) ~,98t499,-*18
498 WRIrEtb,..22) 429

WRJT;(C,.2I3 430
WRITE(6,L3a)( (UR(lJ),J*ý.,4I,1=..4I 431
WRIIE169.'.Zo1 439

499 DO 534 Ja,#NS
00 506 Int
DO 50. KmivK0?

* ~C..AGR(t@K+4,J)
CZ uGE II, K. J)
00 ý00 LoLV4
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S L rF A(UALE STAIEMEir - IFNIS1

K ~C.a(.

(M I Kt.-

C4a~ ,

C~uC +CMRLtKI.Uw(iK. I)-CMtttKI'*Ug.(KpI

XSs (IvJliJvC4*SCF
YCS( Iq UI5ls(..* SCF
YSS(Iq~I,,H)C4*SCf

74 4MITe-Io9-.2iJ 506

50.. ON! IU506

505 O z37 ~j.KQ

DO 536 KuK. 5-

WITF16OCP 536idJ
SMc.R:WRIRI(6*3 2I-wS[oJIH..:J. Q2 537-E~ ~wI.)wI,2~E~4 0

C3C(6~11S( oc: +C...C2 6Z) 54

C2* .CZ/C3 6I N

IF IF I Z-C& i239 c. .wL i 60

505 OU zl -210-Q
00 507 Ja'.OK8

C~t'-RI~t1



SAL - tiN SGIMCc STArEiNEt - -1S

GO TO t2i
51-, 00 512 10,L4

DO ,ai Ju.*4
URIIJIAbdR(I IIJ

CALL MATIAV(URv49WCC,#4,DVNIUl 8
GO TO 131495.3)oID

513 WIKITEU6tL4-)NF59
GO To 53~3

5.ý4 CALL MA7INV(UE949WCC.t,vDVNvIU) 594
G0 O M iL7,55)9ID

515 DO 5;b u,94
00 516 Ju-94

EmR( 1,J)u-URI IJ)
5:6 EM-f1,Jl~)o,'

GO'TC 32Z
51? 00 51 lu,#4

fOt' 5.8 K a-.s4

CALL MAtINV(WA94skCCq~,0VN9I0I

709 WKIT~fb~i~tsNF 627
CO to

?* DO 3-7, Ja.94

DO Zid K-..,4
C.& -0Leit KIUiI J

520 C2*CZ-WAfIKI.Ili&(K,J)
EMAI ,J~m-C-

52. EMriIJ~zuL2
22DO 524 1.,tKQ2

00 524 JmLvKO2

DO 5Z3 K=.,K02
* ~C:=C.,.'4RI IU.WF'(KJIEM~iIKl*WC(KJ)

523 C2C'ýM(9)WI#)ER1K*CKJ
SRILJ#NFl7C-

524 SE(I,J,NF)-CZ
*GO le 1,3

525 DO 518 Is..,K~i
C2 261,
DO 5i~7 Ju-,KQ..

CO 52iý Kz,tKQZJ

c2cZ-C *XI(J)
527 OiVN( I J)-.. +U4(1JJl
5tZ8 WCCIJg-jaC..
5.3. COd P4U-



SAL -aN SOURCE STATEMqENT IFN4I$)

CALL MAfINVIDEvNKQi.WCCc.,OVvNIDl 9

531 WAZTE16ea.311
Go Tc 399

540 00 541 IuJKQZ

5SýX t*Xf)WCII

DO 543 Iu1,KQ2

00 542 Jwl9KQ2

942 C2&C2*Z.0*SE(IJL).Xl~tJl

543 XlEtlti)uC2

XRITEZK)UCM.

W47 ITE8(~iA4M I ed,548,5-2

44NH2NiK

DO 553 K Ju #NSI

DO 5I K-.K

XSSV.iJ; KC

YCR419J1KInC.
552 YSSICJIKIC4L) 4,47
57IF(LALPC2-AML~ 553,5 4893 4

543 CONTINUE

IF(LAM-4) 5-ý-212-4
344 NH~ub

5!0 R I-E I- q 4. NF tFR~PXRIi s IK s L (lIX I9YR(2 oI K19 XI 2v IKI o-t3t~l

iX~~v1lv9(4*K~v--(*I' 79

DO 55d J--qi



SAL - FIN S~uR%;4 STATEeI:NI IF P$q) I S7/ I

539 DO :0O JA.,NS
WRITE (o, l3AJ 003

804

00 t54 IK*.,NH2 <
HNuNF
FR~aHNASPO.S R,

554 WRITE(6,.JiINFFR.4,ACSI~.JLKiXSS(.,J*lK),VCS( #JIKIYSS(.,JLICJ 80&
WRITEE69'j.a l 813

C~xWTST
555 Cý-0.0,7453Z93*C'.6SFR

c~xxcs( tJAl
C4*YCSI:..JilI
C 5,0.0
D0 556 IKa..,NHZ

c6xc0s(C!J 620
C7aSINIC5) 82i
C3sC3*XCS( .,JIKI.C6-X$SS(,JIK).C7

550 C4sC4*YCSI. ,JIK)@C6-YSS(!.,JoiKI*C7
C5aSCRTIC3&C3*C42C4) 828
Dix Cl?

JF(C3) 5o4955795&..
557 MFC41 5599j609558
58C6*91.3

GO T tý7C
GO9 TO C.)

56)GO ro ý0
50Cbma0O

GO TO 267
56j. IF(C4) 563956it56ý
56z CTxO.0 *

GO TO 56o
563 C7:360.3

Csm-Si .295780

GO TO 566j
564 C3&-C3.

IFIC4) 36i9566,56t
565 C8m-C8

C4a-C4
566 C6wC7+C8*ATANlC4/CA) 846
567 WR1(p0)l o UP3C 849

claC.4 WtIN
I7 F(WTFN+0.J6QOJh-CJl j7O,5?ut355

MCONTINU.L
599 SPOASPD+SPIN 73

IFfSPFh,0..'0OO3i-SPOI 6Cu#*0,:v26C# 735
$ 600 NSPi=NSPi*.. 736

IF(NSP-NSPJ) 00191309i30 737
60i. IF(NP) 6*j2#190o.t. 738
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SAL C F,4 s~umi3U SIArTqait -iFNISI-

i.~ FORMITI PS;. 4@61 743

24 F~qIPATfim srATIUN.jA4KX9X711FRQ.8XX9X3HKXY9X7NFRQ.BMVsx3HKV?9XlhFR ?69'
.'J*dVX'9X ',K1Y')X7HI ,*U.3YY 770

4i FU4tMAT IA,,. 4TCk-1.3AALNG IMPPEANCf. MATMIX) 771
27 FOAP~ATI Ott..wLAL '4KIl
16~ ru.4MmT iN.VmAlNA'YV Posm
.3; ýURIP'3T,4g1.kaAL PA~f Uf A-MAkIXE IS SINGULAR$
.3. FO-(MAT( OH IIARMONIC.'.13s-iii h4EQUENCYas,6dE 436f
.3z roAPA'TI ~i4 ROUTOR StrAICN O.4,t1Zi
.33 FORMA1I-if;FINAL MATRIX IS SINGULAR)
3.. EU.A ATI H.,AMPLITUUzS AT Rorcft STATION WITH MAGNETIC FOR~CES)

..35 FU-IMATI, ,11 H4ARMONIC Pt4gUzCY7X4HXgCJ-X4HX(52L5X4HYf')lOX4HY(53)

.37 F(IdMArl .t.4 SIIAFT NurAT.UEG3X~tnX.3X'.HY9X9HANPLITUDE4XdI21AP4LE X-AMP
.0)

.36 FUI4NAT(.P4. 4.SiI
.3'y FONPýArL.H HAkMONIC FR CgtLNCY5X4HX (C )aX4HX(S I dX4"YfIl)X4HYf S I X8

.... j FOAAI('-.j4.1.AL P'ARI UF IMPEDA&NCE MATRIX IS SINGULAR)

14i FUHPATL.711,R-'AL P~wT. UF S-MATKIX IS SINGULARvKwo13l
i41 Fnq~MATI:jH'JIV2RS. ENP:iOANC,. hAIRIX)
.4-o FnAIKT(5-tH.JE*LU.'NC; C.G&FFICILNT MATRIX 9 fXIJl&6&r) FOR STATIU%.Z

.31
.43 IPOMMAT(-6HAlNFLULNC-- MATRIX A (Xfj)=A#XIKBII FOR srATICN#13)
.4f, FORMATlI.51IlENVcRSIljt4 MATRIX FURI A IS SINGULAR)

.47 FO.4MATI-LH-INVERSfUi1 004TRIX FUR E IS SINGULAR)
-4d FORMATI!8HaENV.QRSIUN MATRIX FuR S IS SINGULARtKa131

-3U RcIURN
602 RETURN

ENO 776
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LASS - aFN SOURCE STATIENNt IiNIfSt

SUBROUTINE 862
COMMON/Al dKXX(1~o,),IUCXX(4 r',I.lvKXYt.-)@.i,8CXY(.l~,.42.

2PADM(1t2,5),PAOKI .,D.ýPANGI ,iItUEV'w(4..I9WCCfI#..iC~kE4,8).
3CME(4,8) ,ANRI 4,8) ANzlI4,8 IWR(4t4,4 WEt #4, ' I kA(44, 1. i(4941,

COPMON/RI PKXX(.C,,,3"LJPCXX( Oit,.. .PKtYI.%;,5,:lIPCXYfao5,.,,

3XSS(4.5),i.)tYCS(4o,'),I.'IYSS(4,54..-.I.
COIQON/c/ KM(3)),RIPI3z),RlfI.3OS.RS(31h,;WI3v) .g0(3CiRL(JOS.
lDVXA130)tDVXB(30)90VXC(30)tUVDV~(!fjltVYA(3v)gDVYS(3ltDiYCfUO).
ZOVYD(3),oVUX(3OJOVUY(30),OMUX(3.a)tDMUYI30J1g)MXAI30),I1.3C),
382(3O)o83(j(,),84(3'.B,5(3CD#BL(3d),B7(31JB88(30I,89(3J,81RIO(301,
4PMX(10IPKX(JIPDXI114,PMY(4vPKY('jOhPOYI.a0I SXXtý-.JOXXI1C),
SEXY(iO),DXY(iO),SYEXIO~YXE...jI.SYY(±O),OYY(iO))LOti~UI

COMMON/D/A.. A2,A3,A~,A5,A5,A7.A8,NF.FR0,KCSCFj,*IO1A.KC2.NS9e98.
* KNHiHN.AMLMSPD.SFMR, SFi4WTSTWTINWTF# NHI
C0MMON/E/KQ~tKQ3,C ~,C2.N8.KANRPNPUINCNHNSP,1NPtYPDNSTSH4,
*SPSTSPFN.SPIN.SCFJlQZPtKiKZ, WTIFN
COMMON/F/OMXCBMXSBNYC. RMYSVXCVXSVYC.VYSXCES.YCYSOXCOXSv
*OYSC3tC4# NSlv NPO!@ NP029 DYC9 NSP1
00 485 Is.,KO.,
emxcm0.,ý 383
ONE wo. 384
BMYCNO ..) 385
OmyssO.: 3do

vxcso.uj 387

XYCCO.o 389
XySst.iO 390~
YCAO.C 393

YSS0.0 394
oxc~ao.4 395

ox~so~c396
Dycso. i, 397
oysso.0 396
0VUX(KtIu'),0
OVUYIKblsJ.O
OMtJX(KHAIO.,
OMUYE K8J u3,)
GO TOI4.,464393,4,4b45,4o.9,468,472J91

46.. XCoC~.GC. 400
GO TC 4F5 401

462 Y~c.Z 40.e
GO TC 475 403

463 DXC=0..,j. 404
GU TC 474 405

464 DYC-).v.. 404
GUJ IC 41: 407

,465 IFIKCJ 461t466t4t.c



LASS - .4 SRUNCE StArEMENdr - 1,96S)

4.66 IFIKAD 46sov67#461
461 DVUXIKB)a,...

GO TIC 4t.;
468 DMUX(KI,)-.,,

GO TO1 4i1

47.- IFfEAS 41.t47.,4?.

GU 10 47ý
47.: DMUY(Kbis..
415 00 4~40 Ji.,NS '.21

Cf.AFRQ*5PU*A1PC J) 423

GR(r,1 ,jl~YC

1Ff J-Ka) 41'7t416#471 424ý

416 CM'4 .9II-XC 425
CMt( ,i)AS?~ 426

CM-k*1,tIjsYS 428
CM~( zk~zDAC 429
CM:-( '91)UAS 43u
CMR(414, IYC 4.31
EM--'I4, I)DYS 434.

477 A~mboxC-C-*nxc-c.*oIYS-OmI1Afjj '33
AZ=bMXS-C..@JxsC....YC .434
A-a-bPYC-C .*OYCC;*CAi$AS-CMUY(J) 435
A4-fMYS-C,&D(YS-C .JAC 436
A5=VXCILVXAf .51 .C.OVXB(J).AS-UVXC(J I.YC4DVXO(.J 1YS*OVUXEJI 4.31
A*aVXS-0VXfI(J)eXC4iVXA(Ji@XS-uVXC(J1'YC-0VXCIJJOYS 438
A7=VYC-OVYC(J).ACsCWYb(J1.Ai.jVYA4JJ.YC+(VYB3(J5 1YS*VY~iIJI 439
A8AVYS-UVYLI JJOXC- VYCIJl.Aý.~-i.YBfJi.YC.DVYAlJ IeYS 4t

47d C~aXC 442
Cz=XS 441
C.;, =YC 444#
C4.YS 445
BMXCzC..R9(J1*0XC'6,(JI.A**.(J24Aý.8ý(Ji 44o

B54YC*C.;e89fJ)+OYC.3J-1 JI#A*Ai (J).A7a.ý(JI 5 44.d

6MYS=C.*e(JI.OYSCtj4J)A-eHL(J9.Aoý*'1(J) 454'

VXSnCizob(J)+VA~oe6)lJ14AZ'tL1Ji+AQ.#fidJI 451~
VYC-C3.86eJI,0YC.i3~fJi.A3.h,)IJI+A7.B I(JI 45i
VYSsC,4.d8(jl+UYS.L.41J1A44Ii;,(J1+A6t-tLjI 45 3
XCxC .06 ljl*XC.R3 CJ)*i*hI14.(JI,45.t37lfJI 454
XS-C2*8 (JIUXS*(,( JJ*A2*d-i(J)4Ac*i37(JI 451.
YC-C3*e (Jl+tVYC.83IjJ.A3-*d,4J).A?.b7(JI 4jo
YSzfC4et (JJI)YS*P3(JD+A4.134(JI+Ad.RJ (JI 457
DX~xC-oR5(J3,0XCBI(J*4A*8ý.fJI+A.-et4(JJ 4!ý 8
OXS=C2.aB Ii .OXS*t.i J 4A0 (JI.Aý.ti4( JI '.59
VYCC3C*Bjij0+YC*I-7(J)*A3eti,,(J)+A7eU4(jI 4 6 co
DYS=C4.8,1(JJ+LYS*fiIj54A'.oOL.JIGAoeh4fJI 46i

48v, CONTINUL 6,
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LASS - f llkc V)"~srAr~em? -

ANijIaA4 
404

AME(Z. l1aA4
AM993113 I0Aý 466
A14EI311)uAO 447
AMR(4tJ 1A746

485 CONTINUZ 001
RETURN 7
END
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i *a LV., S1Aoii, STAT'*i~4I 03 i,4

c *AioIX IeoV:4.sifl oir'4 ACCON14,'0..YpE SOLUTION Of LINIAR ~0UAfIGNS' $01 t
r. hoviipb~ .,9i S ';000 OAVIO TkYLflR NWIL OSIN AP PAT, I'aV
C PA%,

SUi9NCUTIN4- 1AIV44.SM,&TP.D AT& i

c PIATIc M8ERAL FOAM OF OIM:'4SION STATZMENT MAVi I

OIPENSZON A(4#41*814490
DIPENSION INUEXI.,31
EOUI'EALENCk 4IOWtJ,(OWI# (KCULUMJCDLUM)o !;AMAX# IT SkiAPI MAL I&.

c KATI A&.
C INITIALIZATION MATI Is
c MAT 1 14

NoN. MAIL 46

00 a

3 K~uO

6 CONTINUE
IF(K,ý+Xll Soso7

GO TC 740
8 CONTINUE

10 OETERMm..0
15 00 20 JmiN MAIL 18
20 INOEXIJ,3) a 5 MATI 19
30 00 550 *Av~N MATI 20

C MAIL Z.i
c SEARCH FOR PIVOT ELEMENT MATI 22
C MATI 23C40 AMAX-0.0 MATI 24

45 00 'Los JmuN MATI 45
IF(INDEX(J,3l-A) b, iG59 60 KATI 26

60 D0Oj10O Kn,#N MATI 27
IF(IN0EXIK,3)-..) 8j, !.09 7.5 KATI 28

4.1 IFIAPAX-ABSSAlJKJJR 859,J9.00,O MATI 29
85 IROWWJ MATI 30
90 ICOLUM=K MATI 31

AMAX=ABS(A(JK)) KATI 32
..00 CONTINUE MAli. 33
135 CONTINUE MATI 34

INOEX(ICLJLuM,33 - INOEX(ICaLUM*31 *. MAT!. 35
260 INOEX(I,.)-IkOW MATI 36
270 INDEXII.2lzICOLUM MATI 37

C MATI 38
C INTERCHANGE ROWS TO PUT PIVUT ELEMEOT UN DIAGONAL MATI 39
C MAT! 40

130 IF (IROii-ICOLUMI 14v 3.)V 1.4,# MATI 41
i40 DETERM--O~tfRM MATI 4Z

-i2I8-



DAVE IF1PM SOU4i;k STA(!Mtik M FIS)

M 00 Z'30 La :94 M4AT& 43
6%i SWAPeAtIVG%%.t "ATl ý44
.'70 AfIIOW*LIut11COLUN.L) MATi 45

10*) Al ICOLUMiS IaSWAP MAIL 46
IPI) 3.4 3.G, Z., MAIL 41

ZA0 00 .50 La. t MATI 40
i30 *IAOW~ku.UIICOLUM#L1 MAIL so
25u SIICOLUML)mSWAP MATI 9i

C MAT& 32

c DIVID PIVOT RON SY PIVOT iLEMf#4l NAT& Si
313 PIVOT mAtICOLUMLCOLUM) MAIL $5

33C A(ICOLUMvIC3LUM~mi4 4AT 1 '97
sMO 00 350 Lw.#N KATI 56
35i~ A(ICOLW4,LIAEIICOLUI4.L)/PIVUT MATI 59
355 IFCM) JdJv 380, 3o.- MAIL 60
36bu 00 JG LA..M MATi 61
37) 8(ICOLUML3-8ljCOLUMtL1/PIvaT MAT& 61

C MATI 63
C REDUCE NON-PIVOT ROWS PAIL 64

C.MAIL 05
38,3 10 5!0 L.*.,N MATA 60

-49-4 LF(L-ICOLUMI 40U* i~i 4JZ MAYA 67
40' oA(L91COUM)MATI ad

4204 A4~IOU~rý MAIL 6

43J 0 450 LtNMAYA TO~

4553 IFIMI 53, ~., 46ý MAIL 7U
46,j 00 500 Lmý. MATI 73
500 84.iL-('tL-(CL~L* MAIL 74
5 5; CC'NTINUZ MAIL 75

C MAIL 76
G INTkRCHANG-. COLUMNS MAIL 77
C MAIL 78

60,i 00 7 ' Im.,N MAIL 79
ocj Loh+ -1 MAYA do
62; IF (IND6X(LvJ-1NO:AILt2)I o3*,, 7%0, 510 MAIL Si
6.ýj JRUW*I'NOEAlL9.) MAYa b2
c41 JCOLUMsIND!_-(L,&'J MATI 83
653 00 7?:4 Ku.#N MAYA 04
60( SWAP*AtKJROWD MATI 85
67.) A(KtJRCw1*A(KJCULUM) MAIL 86

*723 A(KPJCLLUMIwSWAP MATIL 87
735 CUNTINuz MAYA 88

*7.L~ CONIINU' MAYA 89
DU~ 73,, K x vN MAYL 90
IFI IKDE(K#3J -k) 7.11t720#7_5 MAYA 91

72.) COW~INu: MAIL 94
135 c07*T1;iL MAIL 95

111.. MAYA 96
L LAST CA-1O CF Pgnn(<Am MAYA 9b

74., w__ UpN MAYA 97
7-:. ID ' MAIL 94

60) TE lm.: MATI 93

f. -219-



TURBINE DRIVEN 4 POLE ALTERNATOR RESPONSE 4-11-1967
11 2 7 -1 0 4 1 5 2 0 1

30000000,0 0,283 8630000*0
6*19 62.4 31.0 1.3 345 3.9 3.359

1.61 0.0 0.0 1.45 3.5 3.6 3.2
0.0 0.0 0.0 2.37 ;05 3.65 3,062
0.0 0.0 0.0 4.83 3.5 3.65 3.062
0.0 0.0 000 1.67 2.775 3.25 2*0
3.1 12.0 12.0 2.1 3.5 3.7 1.04
0.0 0.0 0.0 2.1 3.5 3.7 1.04
3.1 12.0 12.0 1.67 2.775 3.25 2.0
0.0 0.0 0.0 3.49 3.9 3.65 3.062
0.0 0.0 0.0 4.39 3.5 3.65 3.062
9.21 56.0 28.0 0.0 1.0 0.0 0.0

4 10

00O00000E+00 3.4000Or;E+02 2.000000E+01 1,0000OOE-20
800u0u 21971*0 4657,0 200 1.0
2UOUOU 8820U.0

0.0 0.0 42000.0 0.0
0.0 0.0 0.0 -42000.0
42000,0 0.0 0.0 0.0
0.0 -420000 0.0 0.0
0.0 000 0.0 -42000*0
0.0 0O. -42000.0 0.0
0.0 -420U00.0 0.0 0.0

-420uu.u u.u 0.0 0.0
0.0 0.0 0,002 0.0
0.13 0.57 300000.0 45.0
39600.0 25560.0 19550.0 -19700.0 2455.0 -605.0 2720.0 1202.0
63000.0 7360.0 '1470.0 -4810.0 2020.0 -1023.0 3710.0 1377.0
68300.0 2340.0 -1227.0 -1202.0 268.5 -677.0 5875.0 843.0
70300*0 1190.0 -1650.0 -575*0 -677.0 -415.0 7060*0 524.0
712u0.0 742.0 -1828.0 -352.0 -1202.0 -281.0 7700.0 352.0
719u0o0 537*0 -1937*0 -241.5 -1558.0 -203.0 8130.0 261.0
0.13 0.57 400000.0 135.0

162500.0 86200.0 66500,0 -94100.0 9480.0 2440.0 14350.0 -1970.0
229500.3 7480.0" -4270.0 -6810.0 7610.0 -3910*0 17770*0 4370o0
226500*0 1435.0 735.0 -1705.9 2970*0 -1370.0 22500*0 1203.0
224500.0 534.0 969.0 -869.0 1435.0 -745.0 23400*0 607.0
224000.0 274.0 434.0 -544.0 701.0 -484.0 238.00.0 378.0
223500.0 160.5 0.0 -384.0 277.0 -348.0 24050.0 261.0
0.13 0.57 300000.0 45.0
39600.0 2556i.0 19550.0 -19700.0 2455.0 -605.0 2720.0 1202.0
63000.0 736J30 1470.0 -4810,0 2020.0 -1023.0 3710.0 1377.0
68300.0 2340.0 -1227.0 -1202.0 268.5 -677.0 5875.0 843*0
70300.0 1190.0 -1650.0 -575.0 -677.0 -415*0 7060.0 524.0
71200.0 742.0 -1828.C -352.0 -1202.0 -281.0 7700.0 352,0
71900.0 537.J -1937.0 -241.5 -1558.0 -203.0 8130.0 261,0
0.13 0.57 400000.0 135.0

162500U0 86200.u 66500.0 -94100.0 9480.0 2440.0 1435040 -1970.0
229500.0 7480.0 -4270.0 -6810.0 7610.0 -3910.0 17770.0 4370.0
226500.0 1435.0 735.0 -1705.0 2970.0 -1370.0 22500.0 1203.0
224500.0 534.0 969.0 -869.0 1435.0 -745.0 23400.0 607.0
224000.0 274.0 434.0 -544.0 701.0 -484.0 23800.0 378.0
223500.0 160.5 0.0 -384.0 277.0 -348.0 24050.0 261.0
7757.0 9557.00 300.0 2.0 10
20000.0 8820U.0
0.0 0.0 42000.0 0.0
0.0 0.0 0.0 -42000.0

42000.0 0.0 0.0 0.0

0.0 -42000.0 0.0 0.0
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0.0 000 -42000*0
0.0 0.0 -42000.0 0.0
0.0 -42000.0 0.0 0.0

-42000.0 000 0.0 0.0
0.0 0.0 0*002 0.0
0.13 0,S7 300000.0 45.0 0
39600,0 25560.0 19550.0 -19700.0 2455.0 -605.0 2720.0 1202.0
63000.0 7360.0 1470.0 -4810.0 2020.0 -1023.0 3710.0 1377.0
6830000 2340.0 -1227.0 -1202.0 26865 -677.0 5675.0 843.0
70300.0 1190.0 -1650.0 -575.0 -677.0 -415.0 7060*0 524.0
71200.0 742.0 -1828.0 -352*0 -1202.0 -281.0 7700.0 352.0
71900.0 537.0 -1937.0 -241.5 -1558.0 -203.0 813000 261.0
0.13 0.57 400000.0 135.0

162500.0 862C000 66530*0 -94100*0 9480*0 2440.0 14350*0 -1970.0
229500*0 7480.0 -4270*0 -6810.0 7610,0 -3910,0 17770*0 4370.0
226500o0 1435,Q 735*0 -1705,0 2970*0 -1370.0 22500,0 1203.0
224500*0 534.0 969.0 -869*0 1435.0 -745.0 23400.0 607.0
224000*0 274.0 434*0 -544.0 701,a -484.0 23800.0 3780.
223500*0 160.5 0.0 -384*0 277.0 -348.0 24050.0 261.0
0.13 0.57 300000.0 45,0
39600o0 2556U0o 19550.0 -19700.0 2455.0 -605.0 2720,0 1202.-0
61J00,V 7360,0 1470.0 -4810.0 2020.0 -1023.0 3710.0 1377.0
68300.0 2340.0 -1227.0 -1202.0 268.5 -677.0 5875.0 84.00
70300.0 1190.0 -1650.0 -575*0 -677*0 -415.0 7060.0 524.0
71200o0 742.0 -1828,0 -352.0 -1202,J -281.0 7700o0 352.0
71900,0 537.0 -1937.0 -241.5 -1558.0 -203,0 8130,0 261...
0.13 0.57 400000.0 135.0

16250U.0 8620U.0 66500.*C -94100.0 9480.0 2440o0 14350.0 -1970,0
229500.0 7480.') -4270.0 -6810.0 7610.0 -3910.0 17770.0 4370.0
226500.0 143590 735.0 -1705.0 2970o0 -1370,0 22500.0 1203.0
224500.0 534.0 969.0 -869.0 1435.0 -745.0 23400t0 607.0
224000.0 274.0 434.0 -544.0 701.0 -484.0 23800.0 378*0
223500.0 160,5 0.0 -384,0 277.0 -348.0 24050.0 261.0
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ROTOR STATION. 90. 1
HARMONIC PFt104ihtCY X(Cl X131 VKI yes)

* 0. 2*1386231-05 -0a4*20?gI-05-0
I 1.6755169 03 -*6588269b-04 944*03401-04 9*243511-04 ?,6366ll0-04

a 1*35&0)2k 03 4'os3i62E-12 -7.181989*-12 -1.031953611J -3.61 .345E-12
3 5.0265489 03 10.i19,8E-lS 4166729088-15 6*1102M8-16 7,6919168'-11
4 8.020103* 01 L-fb19?59E-1d L.304?341-17 4@ 761Uff-18 64314209E-11
5 6#377381.d 03 -Sa.6&95?1-22 -3* 164"61-21 7.63UM-2L 6.913349E-a2

WHIRL 01317l
SHAFT POTATOESG x y AMPLITUDE ANGLE X-AXPL
0. -7.4429648-04 SoSI940SE-04 1.1540508-03 1.301614E 02
2.0000001 01 -1.1590?4E-03 1.7347888-04 1&1719649-03 J..7140?7E 02
..oooood r-C-I .2'140raf;-)';i -. 3586298-04 1.203160E-03 2941903TE 02
6.000000f 04 -3.9571288-04 -1.1673648-03 1.2326109-03 Z.512?44E 02
So.0000008 01 4*292A09E-04 -1.112330E-03 1#247072E-03 2.8993738 0,1
1.000000E 02 1*05?320E-tJ3 -6.4843648-04 1*240321E-03 3.284799E 02
1.2000008 61 1.2047688-03 1.5918078-04 1.2152386-03 7.5266461E 00
1.4000008 02 70985917E-04 8.726284E-04 1.182390E-03 4.753660E 0A.
1.6000008'02 d&46 13E-:45 *1'*1560768-03 1.1584368-03 6.8573138 Ox.
1.8000008 02 -7.4429658-04 S.819607E-04 1.1340501-03 1.3016148 02
2.0000008 02 -1.'1590748-03 1.7347868-04 1.1719848-3 1.7148778 02
2.2000008 02 -1.0214088-03 -8.3586308-04 1.2031608-03 2.*19038E 02
2.4000008 02 -3.957116E-04 -1-167364E-03 1.2326108-03 20312744E 02
2&600000E 02 4.25241lE-04 -1*1723308-03 1&247072E-03 2.899373E 02

S1.240321E-03 3204799E 02
3.0000001 02 1.2047688-03 1.5"i0lOE-04  1.2152368-03 7.5266578 00
3.2000008 02 7.9859168-04 8.7262858-04 1.182890E-03 4*753661E OA.
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ROT0R STATION NO. 2
H4ARMONIC FREQUENCY hICl 3(5w YIC) Viso

* .1*6242SIE-05 -0. -3.789621E-05 -0.
1. 1.*T9SIAE 03 -5.9359696-04 9.294029E-04 9. 2940211-04 5.9359752-04

2* 3*351032t 03' 3.538b152-12 -69459052E- ' -7.6257676-12 -3.*24694E-12
3 5.0285462 03 1*2362801-13 -1.S4536SE-15 168755LAE-15 ko955J0?k-L?
4 60702065E 03 6*462id72-16 Z.093i3SE-Z? -1.1209S06-17 1*0?02006-1?
5 8*37756116 03 -2@991946E-22 -1.131740E-20 1.19381&E-20 ?*861624E222

WHIRL OR3IT
SHAFT NOTATODEG x Y AMPLITUDE ANGLE X-APPL
0. -3#7?3563E-04 6.91501SE-04 1.062128E-03 1.229260E 02
2.0000000E 01 -1.035a69E-03 2.925064E-04 1.07639SE-03 1.642318E 01
4.000000E OL -I.002118E-03 -4*61089iE-04 1*103106E-03 2*047O76E 02
6*OOOOOOE 01. -4.918444E-04 -1*0166o9E-03 L.129392E-03 2.441832E 02
6.0O000002 01 2,561686E-04 -1.1142712-03 1.143338E-03 Zoi2947ZE 02
1.000000E 02 80919176k-04 -7.082262E-t,4 1.138904E-03 3.215487E 0i
£.2000006 02 1.Zt792SE-03 1.147245E-OS 1.11?987E-03 5*8?9621L-01.
i.4a00002 02 8.284482E-04 7.083700E-04 1.0896122-03 4.052032k 01.
1*600000E 0i 1.589279E-4,4 i#05i6iIE-03 1.0675172-03 8*.L43819E 01ý'

.SU OiEO -3,773364E-04 8e9150i7E-04 1.06212SE-03 1.2292802 02
2.000003E 02 -1.035889E-03 2*92i062E-04 1.0763932-03 1.6423182 02
2.230003E 02 -1.002i.182-u3 -4.6i0892E-04 1O3~06E-03 2.047079L 02
2.40ii003E 02 -4,9i8442E-04 -1.016669E-03 1.L29392E-03 2.441832E 0Z
2.600COOt 02 Z.56:688E-f44 -1.11421lE-03 1.t4333SE-03 2.8294722 0Z
2*S03U00E 02 3*9190772-04 -1.08'22602-04 1.138904E-03 3*21548?E 02
3.030000k 02 1*1179Z8c-')3 1.1412632-05 L.i!..987E3J3 5*879I718&0:
3*20000JE Vi 8.2S448if-4j4 ?.08o?5iE-Ij4 1.0898I22 -O3 4.052033k 0ýL
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